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ABSTRACT 
IDENTIFICATION OF CANDIDATE CELLULOSE UTILIZING BACTERIA FROM 
THE RUMEN OF BEEF CATTLE, USING BACTERIAL COMMUNITY PROFILING 
AND METAGENOMICS 
LEE OPDAHL 
2017 
The ruminal microbiome allows ruminant animals to convert cellulosic biomass into food 
products. A majority of ruminal microorganisms remain uncharacterized due, in part, to 
the complexity of ruminal microbial communities. In order to gain further insight, 
selection-based batch culturing from bovine rumen fluid, in combination with 
metagenomics, was used to identify and characterize previously uncharacterized rumen 
bacteria capable of metabolizing cellulose, which was supplemented as a purified 
substrate. 16S rRNA-based population analysis was used to identify rumen bacteria 
enriched within 14 days of culturing. As a result of 4 independent experiments, seven 
different candidate cellulose-utilizing species-level operational taxonomic units (OTUs) 
were identified. Six of the enriched OTUs showed increased levels ranging between 46 
and 445-fold compared to their respective rumen inocula, representing 14.1% to 41.3% of 
reads in samples supplemented with cellulose. One OTU corresponded to a known 
species (Ruminococcus flavefaciens), four OTUs were predicted to be uncultured species 
of known genera (Ethanoligenens sp., two Prevotella sp., and Rummeliibacillus sp.), and 
two were assigned to the family Ruminococcaceae. One enriched culture consisting of an 
uncultured Rummeliibacillus and Prevotella was used for metagenome analysis. Analysis 
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revealed genes with predicted cellulolytic capabilities in the Rummeliibacillus-related 
organism (cellulase, endoglucanase, and beta-glucanase) and in the Prevotella-related 
organism (cellulase). Additionally, genes predicted to function in cellulose binding, as 
well as proteases and glutamate synthases needed for amino acid acquisition, were also 
found in both OTUs. The identification and characterization of novel cellulolytic species 
of ruminal bacteria will contribute to a better understanding of ruminal cellulose 
metabolism. 
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Chapter 1 
LITERATURE REVIEW 
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Global Challenge: Ensuring Food Security for a Growing Human Population  
 The global human population reached 7 billion in the year 2011, and is expected 
to exceed 9 billion before 2045 (Dawson & Johnson, 2014). Concerns arise when 
considering necessary resources to meet the demands of this growing population, namely 
food production. Prediction models show that global food demand is projected to increase 
by 74% by the year 2050 (Valin et al., 2014). While many solutions to this problem are 
being investigated, simply increasing the sheer number of livestock or creating more 
cropland is unrealistic because of limited land availability and, it would not overcome the 
large deficit in food production (Bodirsky et al., 2015). Achieving greater efficiency in 
food production is a more plausible solution to meet a growing global food demand. In 
countries, such as the United States, where livestock is a major commodity and 
contributor to food production, improved efficiency in livestock production would have 
significant economic benefits, particularly in regions such as South Dakota where the 
research described in this thesis was done.   
 The cost of feed is arguably the most limiting factor in animal production (Byerly, 
1967). In order to overcome the high costs of traditional feed, alternative feedstuffs can 
be used; however, decreased dietary value of some alternative feeds may not provide the 
energy necessary for optimal animal production. Increasing feed efficiency in animals 
can not only increase food production, but also increase the economic margin for the 
producer (Thornton, 2010). Nutritional needs of livestock have been researched for 
decades and have progressively been refined, and a continuation of research aiming to 
improve feed efficiency is crucial to increase food production. However, feed efficiency 
in cattle is variable and can be affected by many extrinsic and intrinsic factors. Extrinsic 
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factors that impact variation in efficient use of feed by cattle include feed composition 
and quality, growth promotants, and environmental conditions, and animal-dependent 
intrinsic factors include host genetics, microbial milieu, and body composition (Van 
Soest, 1994; Bruns et al., 2005; Barendse et al., 2007; Kerr et al., 2015). Of the factors 
that play an integral role in the overall efficiency of the animal, extrinsic factors that are 
more easily controlled, such as management and feed composition and quality, have long 
been studied in order to obtain optimal feed efficiency in comparison to intrinsic factors 
that impact efficiency.  
 The ability to breakdown plant biomass into usable energy is the quintessential 
role of the ruminant forestomach, distinguishing it from the gastrointestinal tract of non-
ruminants. Thus, a necessary approach to further improving feed efficiency in cattle is to 
identify gaps in our current knowledge relating to feed breakdown. Cellulose, the most 
abundant polysaccharide on earth, and a major component of ruminant diets, can be 
broken down into metabolites (volatile fatty acids) that can be absorbed by the host to use 
as a source of energy (Naas et al., 2014). The efficiency of a ruminant’s ability to convert 
plant biomass into meat, milk or wool products is a growing area of interest, and further 
knowledge of this process could be useful in developing strategies to meet a growing 
food demand. Furthermore, cellulose is not the only substrate metabolized by ruminal 
microorganisms. Substrates such as starch, fat, and protein are also metabolized by 
ruminal microbiota into utilizable by-products for host absorption. In fact, the majority of 
the host’s daily protein requirements are fulfilled through absorbed microbial proteins 
resulting from bacterial cell lysis (Yeoman & White, 2014). 
The Rumen and its Microbial Symbionts 
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Rumen Function 
One of the major differences between ruminants and non-ruminants are the 
anatomical differences of their gastrointestinal tracts. Ruminants possess a 
compartmentalized stomach consisting of four chambers: rumen, reticulum, omasum, and 
abomasum. These four “sac-like” structures vary in size and their epithelial structure, and 
differ for various activities such as absorption of nutrients (Van Soest, 1994). The rumen 
is where the majority of feed digestion takes place. While some feed components can be 
metabolized by the host (e.g. protein and fat), metabolism of fibrous plant material cannot 
be carried out by the host, as the enzymes required for this function have yet to be found 
in an animal genome, but are expressed by microbial inhabitants found in their 
gastrointestinal tract (Yue et al., 2013). With the rumen being a mostly anoxic 
environment, rumen microorganisms rely on fermentative processes to fulfill their 
energetic needs (Reddy & Peck, 1978). Volatile fatty acids (VFAs) are by-products of 
fermentation that are used to fulfill approximately 60-80% of the daily metabolizable 
energy intake by ruminant animals (Weimer et al., 2010; McSweeney & Mackie, 2012). 
Among the different VFAs that can be produced by rumen microbes, acetate, propionate, 
and butyrate are the most abundant and have distinct metabolic fates. In terms of 
development, butyrate has been shown to increase growth of ruminal papillae by 
increasing blood flow to these tissues during absorption and metabolism. Gene 
expression was also shown to be affected by increased butyrate concentrations in the 
rumen, showing an upregulation in genes related to metabolism and growth (Wang et al., 
2016). 
Establishment of the Rumen Microbiome 
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A newborn ruminant displays anatomical and functional similarities to that of 
non-ruminants. At this time, various enzymes found in adult ruminants are not yet 
expressed and, as a result, diets must be limited, typically consisting of milk or milk 
replacers, providing glucose and lactose as the primary sources of energy for the young 
calf (Van Soest, 1994). The liquid ingested by the infant calf flows down the esophagus, 
and is directed to the abomasum via the esophageal groove. Because the esophageal 
groove bypasses the rumen, it inhibits ingesta from being fermented. Following a 
regimental diet consisting of milk, calves are eventually introduced to solid-type feeds. 
The bolus formed upon ingesting solid feed enters directly into the rumen, which marks 
the beginning of considerable rumen development by the calf (Muya et al., 2015). Rumen 
development in calves is therefore dependent upon two primary factors: introduction of 
solid feed in the diet, and microbial colonization of the rumen. 
Members of the three domains of life, bacteria, eukarya (protozoa and fungi), and 
archaea, are all found in high abundance in the rumen. Of the three domains, bacteria are 
found at the highest cell density with approximately 10 cells per milliliter, indicating 
their importance in this complex ecosystem (Weimer et al., 2009). It has been shown in 
dairy calves that ruminal functions, likely correlating to microbial activity, can occur in 
the first 48 hours of life, indicating that a precursory colonization of microbes occurs 
before the introduction of fibrous feeds. Inoculation is likely from microbes found in the 
milk, mammary teat surface, and the environment in which the calf is held (Rey et al., 
2012). In a study by Rey et al. (2014), the rumen microbiome of a dairy calf in the first 
two days of life was found to be dominated by members of the phylum Proteobacteria. 
The dominance of Proteobacteria then rapidly transitions to members of the phylum 
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Bacteroidetes. Species from both Bacteroidetes and Proteobacteria have been shown to 
produce VFAs, supporting their importance at the early stages of life in a newborn calf 
(Van Soest, 1994). This transition observed in the rumen microbiome of dairy calves 
correlates to changes in calf diet.  
As cattle develop and are introduced to new feedstuffs, the rumen microbiome 
also changes. Li et al. (2011) measured the relative distribution of bacterial phyla in the 
rumen up to 12 months of age. Their findings showed the emergence of the phylum 
Firmicutes at the age of one year. It has generally been observed that Bacteroidetes and 
Firmicutes are the most prevalent bacterial phyla in the rumen of adult cattle. While 
fluctuations in abundance can occur, these two groups typically dominate regardless of 
environmental changes (McSweeney & Mackie, 2012).  
Microbial Ecology of the Rumen 
Anaerobic microorganisms tend to be specialized in the metabolic function(s) 
they provide towards maintaining their community structure. Limitations in metabolic 
function are primarily due to relatively small individual genome size, limiting the 
expression of proteins needed to supply all demands of the cell. In microbial anaerobic 
communities, metabolic breakdown of substrates can be divided into four major groups: 
hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Thauer et al., 2008; 
Angelidaki et al., 2011). Organisms with hydrolytic capabilities break down large 
polymers such as polysaccharides, proteins, and lipids into their monomeric subunits, 
which can then be metabolized into organic acids through acidogenesis. Organic acids 
can be further utilized by acetogenic microorganisms to create compounds such as 
acetate, formate, carbon dioxide, and hydrogen gas. Lastly, terminal products such as 
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hydrogen gas and carbon dioxide, are used to create methane, a fully reduced end-
product, by specialized groups of archaea in a process known as methanogenesis (Thauer 
et al., 2008; Ferry, 2010). In this “assembly line” type metabolism, codependence is seen 
at each level where microorganisms performing downstream catabolism are highly 
dependent on the metabolic activities of those microbes that initially breakdown 
feedstuffs, while microbes performing upstream catabolism rely on microorganisms to 
breakdown and utilize their end products to provide favorable forward reactions.   
Individually, anaerobic microbial species tend to have specialized metabolic 
functions, and therefore often depend on complementary community processes to fulfill 
their metabolic needs (Johnson et al., 2012). Because the survival of ruminal 
microorganisms is highly dependent on the metabolic characteristics of other community 
members, the complex assemblage of thousands of different species represents an 
intricate, highly sophisticated network that is able to resist potential changes within the 
rumen microenvironment. The resiliency and host specificity of ruminal microbes is a 
remarkable characteristic seen in studies where a new species of bacteria is inoculated 
into a cannulated animal whose ruminal contents have been emptied. Within several 
hours, the bacterial strains from the inoculated culture were cleared to undetectable levels 
(Varel et al., 1995; Weimer et al., 2010). 
Investigative Tools for Rumen Microbial Communities 
Culture-Dependent Techniques 
Complex anaerobic microbial communities have been a subject of interest due to 
their direct and indirect influence on their surrounding environment (Ze et al., 2013). For 
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many years, cultivation-based methods were the only tools available for characterization 
of these communities. Culture-dependent methods allow researchers to gain a deeper 
understanding of the metabolism, function, and growth requirements of specific 
microbes, permitting further investigation of individual microbial genomes, leading to a 
better understanding of uncharacterized genes, and ultimately giving the ability to 
manipulate microbial DNA (Pham & Kim, 2012). While allowing the characterization of 
bacterial species, culture-dependent methods are limited in revealing community 
compositions of complex microbial ecosystems (Margesin & Miteva, 2011; Rosling et 
al., 2011). Due to our lack of understanding, only a fraction of the bacteria, archaea, 
fungi, and protists have been identified by means of culture-dependent methods (Epstein, 
2013). While still largely a mystery, proposed explanations regarding the difficulty in 
culturing most anaerobic organisms include the lack of understanding of: 1) optimal 
environmental and physiochemical conditions for individual organisms, which are 
necessary for the development of media composition, and 2) symbiotic relationships 
essential to survival (Puspita et al., 2012).  
Culture-Independent Techniques 
The development of culture-independent techniques took advantage of DNA 
sequencing technologies, allowing for taxonomic classification of microorganisms based 
on genomic comparisons. Rumen microbial diversity estimates increased from 20 
predominant species per ruminant host using cultivation techniques to over 300 species as 
a result of using clone libraries and Sanger-based sequencing methods (Krause & Russell, 
1996; Edwards et al., 2004). Approximately 40 years after the advent of Sanger 
sequencing came a revolutionary breakthrough in the world of molecular biology, with 
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the creation of high throughput or next-generation sequencing (NGS) (Sogin et al., 2006). 
NGS, in conjunction with bioinformatics tools, has equipped scientists with a new and 
improved way to study microbial ecology, revealing the existence of greater than 
expected diversity in ruminal microbial communities. By providing a more in-depth 
analysis of the rumen microbiome, NGS estimates have increased to several thousands of 
microbial species present per bovine host species (Fouts et al., 2012; Jami & Mizrahi, 
2012; Creevey et al., 2014). The ability to assess the taxonomic composition of the 
rumen microbiome can be used to monitor microbial population variation throughout the 
life cycle of an animal, among different host animals, or as a result of varying treatment 
parameters (Henderson et al., 2015).  
Metagenomics 
Metagenomics is an approach that has gained increased popularity as a result of 
advancements made in NGS technologies. This –omics approach allows researchers to 
conduct a sequence and functional-based analysis of microbial genomes collected from 
an environmental sample (Morgavi et al., 2013). Shotgun short read sequencing of 
microbial samples, followed by assembly of the reads into contigs, has allowed 
researchers to determine partial genomes of novel microorganisms in the environment 
sampled. Comparative analysis not only reveals taxonomic information, but more 
importantly, open reading frames to functionally annotate genomic sequences can 
identify potential metabolic properties of the microorganisms in the sample (Handelsman 
et al., 1998). Ferrer et al. (2005) pioneered this approach when they identified and 
characterized 12 esterases, 9 endoglucanases, and 1 cyclodextrinase from a metagenomic 
library obtained from the rumen of a dairy cow. In addition to uncovering enzymes 
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involved in the hydrolysis of plant cell wall polysaccharides, opportunities also exist to 
use metagenomics for the discovery of genes involved in biotransformation of 
compounds of interest, such as conjugated linoleic acids and antioxidants, or the 
detoxification of toxins derived from plants or fungi (Morgavi et al., 2013).  
Improvements in bioinformatics has greatly increased our ability to sort through 
large quantities of sequence data, notably through the comparison of patterns in 
nucleotide sequence that are unique to individual microorganisms (Zhou et al., 2008; 
Patil et al., 2011; Droge & McHardy, 2012; Albertsen et al., 2013). As a result of 
continual enhancement of informatics technology, functionally-annotated genes obtained 
from metagenomics studies can be used to model rumen microbial metabolism (Raes & 
Bork, 2008; Wang et al., 2013; Jose et al., 2017). However, while metagenomics provide 
valuable insights into the functionality of microorganisms present in an environment of 
interest, linking function to phylogeny can be difficult due to insufficient database 
availability of homologous sequences that have been assigned biochemical or biological 
roles using experimental models (Denman & McSweeney, 2015).  
Single-Gene Markers 
Metagenomics would be more comprehensive if the entire genome of all rumen-
dwelling microorganisms could be sequenced. However, due to technology limitations 
and cost restraints of this approach, universal single-gene markers provide a more 
complete phylogenetic assessment (Morgavi et al., 2013). First described by Lane et al. 
(1985), the 16S rRNA is the most widely used phylogenetic marker for identifying and 
classifying prokaryotes in any given environment. As of 2014, nearly 3 million bacterial 
and archaeal 16S rRNA sequences had been archived in the Ribosomal Database Project 
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(RDP) library (Cole et al., 2014). This rapid accumulation of 16S rRNA gene sequences 
can be attributed to the growing use of NGS, and the number of sequences archived is 
expected to further increase as the number of metagenomics studies of microbial 
communities continues.  
     The 16S rRNA gene possesses 4 primary qualities making it the preferred 
phylogenetic marker: 1) it is an essential gene for protein synthesis and thus the function 
of the gene has not changed over time, 2) it is thought to be present in all prokaryotes, 3) 
the presence of conserved regions that tend to show limited variations in sequence across 
vast phylogenetic distances which can be used for primer targeting, and 4) the presence 
of hypervariable regions allowing differentiation amongst different taxa (Patel, 2001). 
Nine distinct hypervariable regions have been identified within this prokaryotic gene, 
each varying in length and sequence, and they are key to the classification of either 
bacteria or archaea (Vinje et al., 2014). While sequencing of the full length gene provides 
the most accurate phylogenetic assignment, 16S rRNA-based community analyses are 
currently done in most cases using partial sequences of the 16S rRNA gene. Limitations 
in NGS technology for sequence length as well as the high cost associated with Sanger 
sequencing of clone libraries limit our ability to sequence full length genes (Kim et al., 
2011b). While using partial 16S rRNA gene sequences may be the most comprehensive 
approach to determine the phylogeny of members of a poorly characterized microbial 
community, shorter fragments of DNA may not be assigned to taxonomic groups as 
accurately as longer fragments that are greater than 1kb in length (Patil et al., 2011). 
In diversity studies, using genes that are ubiquitous to all prokaryotes, such as the 
16S rRNA gene or the rpoB gene, is essential to analyzing phylogenetic diversity in a 
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given environment. However, the main limitation of the 16S rRNA gene is that 
phylogeny or taxonomic assignment cannot be used to infer function unless it is matched 
to a known species (Case et al., 2007; von Mering et al., 2007). For studies aiming to 
determine bacterial functionality, the use of single-gene markers such as amoA (NH3 
oxidation), pmoA (CH4 oxidation), nirS (N reduction), nirK (N reduction), nosZ (N2O 
reduction), pufM (anoxygenic photosynthesis), and [NiFe] hydrogenase genes, that are 
specific to particular functional groups of bacteria represent better targets (Achenbach et 
al., 2001; Nicolaisen & Ramsing, 2002; Throback et al., 2004; Hendrickx et al., 2006).  
The goal of single-gene marker use is to gain a deeper understanding of microbial 
communities by resolving their composition and diversity. Thus, two main strategies are 
currently used to analyze genomic sequences derived from single-gene marker diversity 
studies: taxonomic dependent and taxonomic independent binning. Taxonomic dependent 
methods rely on homology between the experimentally obtained sequences and reference 
sequences from a pre-existing database to determine which taxon a sequence may belong 
to (Sedlar et al., 2017). Publicly available programs including RDP Classifier and NCBI 
BLAST are commonly used to identify closely related organisms to sequences of interest, 
allowing researchers to directly assess the taxonomic diversity of a particular sample. 
Taxonomic dependent binning of metagenomic sequences can also be used for the 
facilitation of genome assembly and the evaluation of gene homology that may exist 
among different taxonomic groups (Tringe et al., 2005; Frank et al., 2016). Functionality 
can also be inferred to binned reads that are closely related to a characterized organism. 
Limitations in this approach include the extended length of time it can take to compare 
large sequence datasets against reference databases, especially when using alignment 
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methods, as well as the incomplete reference database used to compare sample sequences 
to sequences of known taxonomy (Sedlar et al., 2017). Further, limitations in reference 
databases are particularly challenging when sampling and evaluating environments where 
few microorganisms have been characterized.  
Taxonomic independent strategies work by applying clustering techniques based 
on DNA sequence features without relying on reference sequences to group 
microorganisms into different categories. This approach is commonly used to study 
composition and diversity in complex microbiomes, such as the rumen, where the 
majority of the microorganisms are uncharacterized (Kim et al., 2011b). Taxonomic 
independent binning of sequenced single-gene markers, however, gives little information 
regarding the functionality of the microorganisms being sampled. As a result, further 
investigation is needed in order to determine the metabolic potential of microbes binned 
independent of taxonomy. 
Cellulose: Structure and Microbial Breakdown  
 Cellulose, the most abundant biopolymer found on earth, consists of repeated D-
glucose subunits linked by β (1-4) glycosidic bonds. A single molecule of cellulose can 
be comprised of hundreds or up to thousands of monomeric glucose subunits, making it 
one of the longest organic polymers found in nature (Lee et al., 2014). In the primary cell 
walls of plants, cellulose can be assembled into long, rigid microfibrils that allow the 
plant to control cell expansion, and serves as a key component in growth and 
development (Thomas et al., 2013). While it is the major structural component of plant 
cell walls, cellulose can also be found in certain species of algae, fungi, as well as select 
bacterial biofilms (Serra et al., 2013).  
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 Enzymes responsible for cellulose breakdown have yet to be identified in any 
animal genome, but they are expressed by bacteria, protozoa, and fungi. In the rumen, a 
number of different cellulases involved in the hydrolysis of cellulose have been 
characterized, and most ruminal cellulases belong to a broad family of enzymes known as 
glycoside hydrolases (GH). Within the 135 groups of GHs (www.cazy.org), members of 
this family can be divided into three broad functional groups based on where within the 
cellulose polymer the glycosidic bond is cleaved by the enzyme: endocellulases, 
exocellulases, and -glucosidases. In bacteria, these three types are expressed as 
extracellular enzymes that work synergistically in the conversion of long polysaccharide 
chains to D-glucose subunits (Krause et al., 2003). 
 As feed is ingested by the host ruminant, polymers such as cellulose become 
available to ruminal microorganisms. Endocellulases function as the initial biochemical 
tools in cellulose breakdown, by scission of β (1-4) glycosidic bonds at random positions 
within the cellulose polymer, yielding cellu-oligosaccharides possessing new chain ends. 
The non-reducing ends of the newly formed cellu-oligosaccharides then become available 
for the active site in exocellulases (Krause et al., 2003). Typically, exocellulases can 
cleave the β (1-4) glycosidic bond 2-4 subunits from the non-reducing end, forming 
cellobiose as their primary product (Zverlov et al., 2005). Cellobiose is a disaccharide 
consisting of two D-glucose monomers linked by a β (1-4) glycosidic bond that can 
subsequently be cleaved by -glucosidases to release the monomeric glucose subunits 
(Krause et al., 2003). Soluble glucose can then be absorbed by the host or it can be 
transported across bacterial membranes for intracellular fermentation into VFAs (Thauer 
et al., 2008).  
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Most known fiber-degrading bacteria possess the ability to adhere directly to the 
plant cell wall, allowing them better access to the soluble products from cellulose 
hydrolysis (Schwarz, 2001). Adhesion requires the expression of other proteins, such as 
dockerins and cohesion domains, which facilitate attachment of the enzymatic complex to 
the bacterial surface, allowing the bacterial membrane to be in close proximity of the 
substrate being metabolized. Bacterial adhesion to the plant cell wall can be impeded by 
factors including: competition with other fiber-adhering microorganisms, surface area of 
the substrate available, pH, temperature, and glycocalyx condition (Miron et al., 2001). 
Bacterial species shown to adhere directly to plant fibers include Fibrobacter 
succinogenes, Ruminococcus albus, and Ruminococcus flavefaciens (Latham et al., 1978; 
Miron & Ben-Ghedalia, 1993; Bayer et al., 1998). Some microorganisms have evolved 
specialized extracellular enzymatic complexes, known as cellulosomes, which allow the 
cell to both physically bind with the plant fiber and catalyze the breakdown of cellulose. 
These multi-subunit complexes allow bacteria to attach to cellulose via the cellulose 
binding domain, permitting the GHs of the catalytic domain to hydrolyze the available β 
(1-4) glycosidic bonds (Steenbakkers et al., 2001).  
In addition to cellulosomes, bacteria as a group have evolved other mechanisms 
that allow them to break down complex carbohydrates. In the human gastrointestinal 
tract, species belonging to the phylum Bacteroidetes have been shown to possess 
operons, referred to as polysaccharide utilization loci (PULs), that express components 
for the sensing, binding, and cleavage of polysaccharides, as well as the import of 
oligosaccharides into the periplasm, and their depolymerization into monosaccharides 
(Terrapon & Henrissat, 2014). El Kaoutari et al. (2013) have described how certain 
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Bacteroidetes species have evolved a diversified repertoire of PULs, with certain species 
possessing dozens of different PULs within their respective genome. Due to the high 
abundance of Bacteroidetes in the gastrointestinal tract of mammals, other metagenomic 
studies have focused on identifying PULs expressed by microorganisms in other host 
species, such as ruminant animals, leading to further insight on cellulolytic mechanisms 
used by microorganisms in the rumen (Pope et al., 2010; Hess et al., 2011; Pope et al., 
2012; Rosewarne et al., 2014).  
Other non-catalytic proteins have been identified as tools that bacteria use to aid 
in the metabolism of cellulose microfibrils. Originally detected in plants, expansins are 
needed to loosen tightly woven cellulose of plant cell walls to allow for growth and 
development (Cosgrove, 2000; Arantes & Saddler, 2010). The mechanism for these non-
enzymatic proteins has been proposed as a disrupting action of the non-covalent bond 
between the matrix polysaccharide and the associated cellulose microfibrils, allowing the 
polysaccharides to be more accessible to cellulolytic enzymes (McQueen-Mason & 
Cosgrove, 1994; Cosgrove, 2000). While expansins found in plants and expansin-like 
proteins recently found in bacteria and fungi share functional similarities, the direct 
relationship between these proteins is unclear. The non-plant homologues have been 
grouped together in the expansin-like family X (Kende et al., 2004). 
 In the cell walls of plants, cellulose is rarely a standalone polymer. Other 
structural compounds such as aromatic esters, pectin, hemicellulose, and lignin are 
typically associated with plant cell walls, rendering access difficult for the active site of 
many cellulase enzymes (Krause et al., 2003). This decreased accessibility to cellulose by 
cellulase enzymes has been shown to affect fiber digestibility and was demonstrated by 
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Zadrazil et al. (1995), where wheat straw was incubated with Pleurotis spp., a fungal 
species known to express ligninolytic enzymes, and found that in vitro digestibility (dry 
matter disappearance) improved with the addition of the fungi.  
Research Objective 
Bacteria have been found to be the most diverse and abundant cell type in rumen 
environments. Based on available sequence metadata generated from culture-independent 
methods, it has been estimated that there are at least 7,400 ruminal bacterial species. 
While several enzymes involved in cellulose breakdown as well as some of the denizens 
of the rumen performing this elaborate task have been identified, it has been hypothesized 
that only 5% of ruminal bacteria are available as cultured strains (Kim et al., 2011a). The 
advent of culture-independent methods has unveiled a more comprehensive approach for 
ruminal community analysis that allows us to identify a large number of microorganisms 
while eliminating biases from culture-dependent techniques. In this context, the objective 
of the research presented in this thesis was to identify previously uncharacterized ruminal 
bacteria based on their ability to grow using cellulose as a selective substrate. 
Identification of these bacteria could allow for a greater understanding of ruminal 
cellulose metabolism, with the potential to offer new insight on strategies to enhance feed 
efficiency in ruminant livestock.   
Rationale and Approach 
 Combining selection-based culturing with the holistic approach of culture-
independent methods represents a promising strategy to identify previously 
uncharacterized ruminal bacteria involved in cellulose metabolism. By adding cellulose 
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as the only substrate to ruminal fluid cultures, microorganisms able to degrade this 
polysaccharide for the production of energy, or are able to benefit from by-products of 
cellulolytic metabolism, will thrive and grow in abundance, whereas those without these 
abilities should remain stable or decrease in population. Since the majority of ruminal 
bacteria have yet to be characterized as species, OTU clustering, a taxonomic-
independent binning approach, was used to group microorganisms at the species level. 
The use of OTU clustering allows for monitoring shifts in the abundance of 
uncharacterized bacterial groups in rumen cultures as a result of selection with cellulose. 
While we cannot conclude that an OTU that increases in abundance does in fact possess 
cellulolytic capabilities, results from this study serve as a key initial step towards the 
characterization of currently unknown bacteria that perform cellulose breakdown in the 
rumen.  
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Chapter 2 
 
IDENTIFICATION OF CANDIDATE CELLULOSE UTILIZING BACTERIA FROM 
THE RUMEN OF BEEF CATTLE USING A BATCH CULTURE APPROACH 
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Abstract 
The microbial-driven process of converting cellulosic biomass into utilizable energy is a 
defining feature of ruminant animals. Due to the complexity of rumen microbial 
communities, the vast majority of rumen microorganisms remain uncharacterized, which 
include bacteria capable of metabolizing cellulose. To gain further insight, selection-
based batch culturing from bovine rumen fluid was used to identify previously 
uncharacterized cellulose-utilizing rumen bacteria. A 16S rRNA-based population 
analysis was used to identify rumen bacteria that were enriched within 14 days of 
culturing. A total of 116,111 to 170,626 high quality, non-chimeric sequence reads per 
sample were used for operational taxonomic unit (OTU) clustering. Using this approach, 
five different candidate cellulose-utilizing species-level OTUs were identified. Four of 
the enriched OTUs showed increased levels ranging between 69 and 445-fold increases 
compared to their respective rumen inocula, which represented 15.9% to 41.3% of reads 
in samples supplemented with cellulose, while their relative abundance in control 
samples ranged from 0.08% to 0.25%. One OTU corresponded to a known species 
(Ruminococcus flavefaciens), while another OTU was predicted to be an uncultured 
species of a known genus (Ethanoligenens sp.), and two were assigned to the family 
Ruminococcaceae. The remaining OTU (Prevotella sp.) was found in high abundance in 
the ruminal inoculum (33.6%) and was maintained at relatively high levels in the 
presence of cellulose (15.6%). While future research is necessary to further characterize 
their involvement in cellulose metabolism, identification of these bacteria will provide 
additional insights towards a better understanding of ruminal cellulose metabolism. 
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Introduction 
As the main component of plant cell walls and sink for photosynthesis products, 
cellulose represents one of the most abundant organic polymers and reserve 
monosaccharides on earth (Naas et al., 2014). Consequently, herbivory has successfully 
evolved in certain animal groups to take advantage of this abundant source of energy. 
However, since genes encoding cellulose-metabolizing enzymes have yet to be identified 
in the genomes of mammals or other animals, herbivores typically rely on gastrointestinal 
microbial symbionts to digest plant-cell wall polysaccharides (Van Soest, 1994; 
McSweeney & Mackie, 2012; Yue et al., 2013).  
Since cellulose and other components of plant fibers represent recalcitrant 
substrates even for microorganisms that can metabolize them, two main strategies for 
mammalian herbivory have successfully evolved to maximize their digestion efficiency. 
In hindgut fermenters, the distal segments of the gastrointestinal tract are the most 
developed, resulting in increased intestinal volume to favor retention time and 
maintenance of high microbial numbers (Macfarlane & Macfarlane, 1993). In contrast, 
ruminants have developed a compartmentalized stomach, of which the largest segment, 
the rumen, hosts the microbial symbionts responsible for digesting the feed consumed by 
the animal (Van Soest, 1994). Ruminants represent a highly successful biological group 
that has thrived across a wide range of habitats, and also played a central role throughout 
human history. Even to this day, the ability of domesticated ruminants to transform 
inedible plant biomass into protein-rich products that can be consumed by humans is 
expected to greatly contribute in meeting the demands of a rapidly growing and 
urbanizing global population (Thornton, 2010).  
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Rumen microbial symbionts form complex ecosystems that include a diverse 
array of members from the three domains of life: bacteria, archaea, protozoa, and fungi. 
Due to their anaerobic lifestyle, rumen microorganisms tend to have specialized 
metabolic functions, and to form complex trophic relationships with other community 
members to fulfill their metabolic needs (Johnson et al., 2012). Since bacteria are found 
at the highest cell density and represent the most diverse group in terms of genetic and 
metabolic functions, they have been the subjects of most investigations on rumen 
microbial function (McSweeney & Mackie, 2012). While a number of isolates from 
major bacterial phyla such as Bacteroidetes, Firmicutes, and Fibrobacteres which include 
well characterized representatives such as Prevotella ruminicola, Ruminococcus albus, 
and Fibrobacter succinogenes, respectively, have been isolated, they may as a group 
represent only 6% of rumen cellulose utilizing bacterial species (Russell et al., 2009; 
Creevey et al., 2014). In support of this estimate, a number of rumen metagenomics 
studies have reported an abundance of previously unidentified carbohydrate-active genes, 
suggesting a wealth of uncharacterized bacteria involved in cellulose catabolism that 
have yet to be isolated (Brulc et al., 2009; Hess et al., 2011; Wang et al., 2013). To gain 
further insight into uncharacterized rumen bacteria that are involved in cellulose 
breakdown, we present in this report five candidate cellulose metabolizing bacteria that 
were identified by enrichment from rumen fluid using a batch culture approach.  
Materials and Methods 
Rumen fluid collection and culturing 
 All animal procedures were approved by the Institutional Animal Care and Use 
Committee at South Dakota State University. Samples were collected between December 
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2015 and October 2016 from fistulated Simental × Angus cows maintained at the South 
Dakota State University Cow and Calf Education and Research Facility. Cattle were fed 
fiber-based diets (i.e. pasture hay and haylage). For each culture experiment, 12 L of 
fresh rumen fluid were collected by manually squeezing the liquid fraction from digesta, 
and the samples were stored in insulated containers during transit. For culture setup, 
which took place within one hour of sample collection, rumen fluid stored in separate 
containers were combined, mixed, and distributed amongst five bioreactors (Chemglass) 
with volumes of approximately 2.2 L and 0.8 L for each culture and biogas (headspace), 
respectively. Cellulose (20g/L, Sigma cat# C8002) was added to three replicate cultures, 
while the remaining two bioreactors were not supplemented with any substrate. Cultures 
were maintained at a temperature of 38°C, with stirring at 150 rpm. Each bioreactor was 
equipped with a flexible plastic tube to allow for the release of excess biogas and prevent 
pressure build-up. The pH of cultures was measured at designated time points during the 
experimental period using a Portable Meter Kit (Oakton Instruments, cat# 35613-24), 
which was calibrated prior to each measurement. 
Microbial DNA extraction and PCR amplification of the 16S rRNA gene  
 Microbial DNA was isolated from rumen and culture samples using the repeated 
bead beating and column method, as described by Yu and Morrison (2004). The V1-V3 
region of bacterial 16S rRNA gene sequences was PCR-amplified using the 27F forward 
(Edwards et al., 1989) and 519R reverse primer pair (Lane et al., 1985). PCR reactions 
were performed with the Phusion Taq DNA polymerase (Thermo Scientific) under the 
following conditions: hot start (4 min, 98 oC), followed by 35 cycles of denaturation (10s, 
98 oC), annealing (30s, 50 oC) and extension (30 s, 72 oC), then ending with a final 
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extension period (10 min, 72 oC). PCR products were separated by agarose gel 
electrophoresis, and amplicons of the expected size (~500bp) were excised for gel 
purification using the QiaexII Gel extraction kit (Qiagen). For each sample, at least 400 
ng of amplified DNA were submitted to Molecular Research DNA Lab (MRDNA) 
(Shallowater, TX, USA) for sequencing with the Illumina MiSeq 2X300 platform to 
generate overlapping paired end reads. 
Computational analysis of PCR-generated 16S rRNA amplicon sequences  
 Raw bacterial 16S rRNA gene V1-V3 amplicon sequences were assembled as 
contigs from overlapping MiSeq 2x300 paired-end reads from the same flow cell clusters. 
Reads were then selected using custom Perl scripts to meet the following criteria: 
presence of both 27F (forward) and 519R (reverse) primer nucleotide sequences, length 
between 400 and 580 nt, and a minimal quality threshold of no more than five nucleotides 
with a Phred quality score lower than 15. Using custom Perl scripts, these selected reads 
were then aligned, and clustered into operational taxonomic units (OTUs) at a species-
level genetic distance cutoff of 5% sequence dissimilarity (St-Pierre & Wright, 2015). 
 OTUs were screened for sequence artifacts using three separate methods. 
Chimeric sequences were first identified with the chimera.uchime command from the 
MOTHUR open source software package (Schloss et al., 2009). Secondly, OTUs with 
fewer than 500 reads that were not assigned to a known bacterial phylum by RDP 
Classifier (“unclassified bacteria” at an 80% bootstrap cutoff) (Wang et al., 2007) were 
designated as artifacts. Finally, the integrity of the 5′ and 3′ ends of OTUs was tested 
using a database alignment search based approach; when compared to their closest match 
of equal or longer sequence length from the NCBI nt database found by BLAST 
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(Altschul et al., 1997), OTUs with more than five nucleotides missing from the 5′ or 3′ 
end of their respective alignments were designated as artifacts. After removal of chimeras 
and artifacts, taxonomic assignment of valid OTUs was performed using a combination 
of RDP Classifier and BLAST. The List of Prokaryotic Names with Standing in 
Nomenclature (LPSN) was also consulted for information on valid species belonging to 
various taxa of interest. 
Volatile fatty acid (VFA) analysis 
 Rumen or culture samples collected for VFA composition analysis were mixed 
with metaphosphoric acid (25%) at a 4:1 ratio, then stored frozen (-20°C) until analysis 
was performed. Prior to VFA analysis, sampled were thawed, then centrifuged at 16,000 
x g (1 min) to remove particulates. VFA concentrations were determined using a Trace 
1310 Gas Chromatograph (Thermo Scientific).  
Results 
Bacterial community structure in uncultured rumen samples 
 Prior to selection with cellulose, the composition of the bacterial populations from 
each rumen inoculum of interest was analyzed. Bacterial diversity ranged from 5,480 to 
6,756 species-level OTUs (Figure 2.1). Taxonomic analysis revealed that the phylum 
Bacteroidetes was the most abundant in all three samples (51.6%-62.3% of reads per 
sample), with Prevotellaceae identified as the most highly represented family (20.2%-
38.2% of reads per sample). Firmicutes was the second most abundant phylum, ranging 
from 25.6% in sample 1 to 42.1% in sample 3, with Clostridiales showing the highest 
representation within this group. Lachnospiraceae was the most predominant Firmicutes 
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family in samples 1 and 2, with abundances of 10.3% and 11.8%, respectively, while 
unassigned or unclassified was the most abundant group of Clostridiales in sample 3 
(15.7%).  
 Rumen samples were further characterized through identification of well 
represented OTUs, defined as representing at least 1% of sequences in one or more 
samples. In sample 1, seven OTUs were found to meet this criteria. Its OTU with the 
highest abundance was assigned to the phylum Fibrobacteres (4.7%), while the second 
most abundant (3.9%) did not correspond to any currently defined phylum (Table 2.3). 
The remaining OTUs were represented by the phyla Bacteroidetes (three OTUs) and 
Planctomycetes (two OTUs). No OTUs from sample 2 were found to have an abundance 
greater than 1%. In sample 3, OTU (LOE10-04095), assigned to Prevotella, was the most 
highly represented in our study (33.6%), while the second OTU, with an abundance of 
1.0%, belonged to the candidate phylum SR1 (Table 2.5).   
Rumen bacterial community composition after 7 days in culture with cellulose 
 To identify novel rumen bacteria that can metabolize cellulose, changes in 
taxonomic distribution and OTU abundances were monitored in rumen cultures 
supplemented with cellulose, in comparison to their sample of origin. An overall decrease 
in Bacteroidetes and increase in Firmicutes was observed in all cultures after 7 days in 
the presence of cellulose (Table 2.2). Indeed, in samples 1 and 2, Prevotellaceae showed 
a decrease in abundance of 16.5%-18.0%, whereas unclassified Bacteroidales exhibited a 
reduction of 10.4% in sample 3, which were the sharpest declines observed in their 
respective samples. Ruminococcaceae (Firmicutes) showed an increase of 9.7% and 
10.0% for samples 1 and 3, respectively, in contrast to sample 2, whose representation of 
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unclassified Clostridiales was higher by 7.3% in sample 2. While families of the phylum 
Firmicutes overall appeared to increase in the presence of cellulose, a decrease in 
Lachnospiraceae of 2.2% and 3.7% was observed in samples 1 and 2, respectively.  
 After seven days in culture, certain OTUs were found in higher abundance in 
response to cellulose. For sample 1, the greatest increase in relative abundance was seen 
in two OTUs, which were assigned to Saccharibacteria_genera_incertae_sedis of the 
candidate phylum TM7 and unclassified Ruminococcaceae, respectively, changing from 
0.4% to 7.0%, and from 0.3% to 4.6% (Table 2.3). Ten other OTUs showed relative 
abundances greater than 1% in sample 1, with the majority belonging to Firmicutes (four 
OTUs) and Bacteroidetes (three OTUs), while Proteobacteria, Planctomycetes, and 
unclassified bacteria were each represented by one OTU. Three OTUs (C1-00068, C1-
16337, and C1-05580) well represented in the original rumen samples displayed only 
minor fluctuations in abundance after seven days in culture. 
 In sample 2, only two well represented OTUs were found on d7 (Table 2.4). One 
OTU, belonging to the genus Fibrobacter, showed the largest increase in response to 
cellulose (0.7% to 7.7%), whereas the other, assigned to the genus Prevotella, increased 
from 0.1% to 1.6%. Five well represented OTUs were identified from sample 3 after 
seven days in culture (Table 2.5). Two OTUs (LOE4-02289 and LOE2-14324), 
corresponding to uncharacterized species of Prevotella (0.1% to 4.2%) and 
Alphaproteobacteria (0.2% to 2.5%), respectively, showed the highest increase. While its 
abundance decreased after seven days in culture with cellulose, OTU (LOE10-04095) 
remained well represented in two replicates (1.4% and 10.9%). Two OTUs (LOE2-14329 
and LOE4-22899) assigned to Firmicutes were also found to be well represented.  
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Identification of candidate cellulose utilizing rumen bacteria from enriched cultures 
 After 14 days in cultures supplemented with cellulose, five OTUs were found to 
be in greater abundance across the three samples (Figure 2.2). OTU (C10-00008) 
increased from 0.18% in rumen sample 1 to 51% and 72% in two cellulose-supplemented 
cultures, an increase of 240-340 fold. In comparison, control d14 replicates showed a 
mean relative abundance of 0.26% for this OTU. An uncultured bacterial species 
identified in feces of gorilla and flying fox (EU775520.1) was found to be almost 
identical (99%) to OTU C10-00008 (Ley et al., 2008). Ruminococcus flavefaciens was 
identified as its closest valid relative (GU999991.1), with a sequence identity of 95%.  
Culturing of sample 2 in the presence of cellulose resulted in the enrichment of 
three OTUs, all assigned to Ruminococcaceae. The abundance of OTU LOD11-02512 
increased from 0.09% to 35.2%, and 9.1% in two cellulose-supplemented cultures after 
14 days, respectively, while the mean relative abundance for the control replicates at the 
same time point was 0.1%. This OTU was assigned to an unidentified genus within 
Ruminococcaceae. Its closest match in sequence (97%) was an uncultured Clostridium 
bacterium isolated from a solid state anaerobic digester containing maize silage 
(JX099828.1) (Sträuber et al., 2012), while its closest valid relative (93%) was found to 
be Caproiciproducens galactitolivorans (NR145929.1). The second main OTU from 
sample 2, LOD10-23342, also an unclassified Ruminococcaceae genus, increased to 
26.5% and 20.5% in two of the replicate cellulose supplemented cultures, compared to 
0.1% in the d14 control cultures. This OTU was most closely related (95%) to an 
uncultured bacterium found in springs and wells of the Mojave Desert (KF836228.1), 
with Clostridium cellulosi (FJ465164.1) as its closest valid relative (93%). The third 
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OTU from sample 2, assigned to the genus Ethanoligenens by RDP Classifier, was 
enriched in all experimental cultures (6.0%, 22.1%, and 24.0%, respectively). A BLAST 
search revealed that its highest identity (99%) was to an uncultured bacterium 
(GQ453659.1) isolated from decomposed municipal solid waste, and that Clostridium 
cellulosi (FJ465164.1) was its closest relative (94%). 
Enrichment in response to cellulose from sample 3 resulted in the identification of 
OTU LOE10-04095, which was assigned to the genus Prevotella. Found in high 
abundance in its original rumen sample (33.6%), this OTU was maintained in two of the 
experimental replicates on D14 (10.6% and 35.9%). In contrast, its mean relative 
abundance was only 0.08% in the D14 unsupplemented control. OTU LOE10-04095 was 
found to be very close (99%) to an uncultured rumen bacterium identified in cattle fed a 
diet containing cashew nut shells (AB616459.1), while it was only 91% identical in 
sequence to its closest valid species (Prevotella melaninogenica, LT684184.1). 
Determination of VFA levels in rumen and cultures 
As a means to determine the potential fermentation end product of the enriched 
OTUs, the concentrations of acetate, propionate, and butyrate were determined (Table 
2.6). In sample 1, concentrations of all three VFAs analyzed increased beyond the D0 
time point. The mean acetate concentration in the D7 cellulose-supplemented cultures 
was found to be 106.3 mM, compared to 75.0 mM in the D7 control replicates, which 
then decreased in the D14 experimental and control replicates to 89.5 mM and 56.4 mM, 
respectively. Propionate concentrations were found to be 6.8 mM in the rumen, which 
increased to 39.8 mM and 17.3 mM in the D7 cellulose-enriched and unsupplemented 
replicates, respectively, and then slightly decreased to 31.1 mM and 14.1 mM in the D14 
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cultures. The rumen butyrate concentration was found to be 5.2 mM, and in D7 
experimental cultures, was found to be 13.8 mM, in contrast to 9.5 mM in the D7 control 
cultures. Butyrate concentraions decreased in both the D14 cellulose-enriched and control 
cultures to 11.7 mM and 8.3 mM, respectively.   
Sample 2 acetate concentrations was found to be 50.2 mM in the rumen, which 
increased to a mean concentration of 90.5 mM and 95.5 mM in the D7 control and 
experimental cultures, respectively. Concentrations then decreased to 76.5 mM and 90.7 
mM in the D14 unsupplemented and cellulose-enriched cultures, respectively. Ruminal 
propionate concentrations were found to be 12.5 mM, which then increased to 20.3 mM 
in the D7 control cultures and 23.0 mM in the experimental cultures. In the D14 cultures, 
propionate concentrations slightly decreased in the control (18.8 mM) and cellulose-
supplemented cultures (22.1 mM). Butyrate concentrations in the rumen were found to be 
8.2 mM, which increased to 11.2 mM and 12.2 mM in the D7 control and experimental 
cultures, respectively. D14 butyrate concentrations decreased in the control cultures (10.4 
mM), in contrast to the cellulose-supplemented cultures which increased (12.4 mM). 
Sample 2 had an initial pH of 6.46, and tended to decrease in both the control and 
experimental cultures, with time (Figure 2.3). The mean pH in the d7 control and 
experimental samples was found to be 5.82 and 5.41, respectively, whereas the d14 
control and experimental samples showed pH levels of 6.0 and 5.39. 
Cow 3 had an initial pH of 6.8 which decreased to an average of 6.03 and 5.4 in 
the d7 control and experimental samples, respectively (Figure 2.3). On d14, the mean pH 
for the control did not differ from that found on d7; however, pH levels slightly increased 
in the experimental cultures to 5.46.  
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Discussion 
 In ruminants, microorganisms that populate the rumen compartment of the gastro-
intestinal tract are responsible for digesting the different components of feed, producing 
end products in the form of VFAs that can be absorbed and metabolized by their host 
(Van Soest, 1994). As a group, rumen microorganisms are very diverse, with an 
estimated several hundred to several thousand species (Creevey et al., 2014). Since the 
majority of rumen microorganisms still remain to be characterized, the factors 
responsible for the vast complexity of this ecosystem have yet to be fully elucidated. 
Host-symbiont relationships, the high degree of specialization of anaerobic 
microorganisms, as well as the wide array of molecular components that compose 
ruminant diets are typically recognized as major determinants of rumen microbial 
composition (Kim et al., 2011; Creevey et al., 2014). 
 Among the diverse array of organic material found in the diet of a ruminant, there 
is considerable interest in further elucidating the mechanisms involved in the breakdown 
of cellulose. Indeed, not only is cellulose the most abundant component of forage-based 
diets, but hosts are dependent on microbial symbionts for its digestion since mammalian 
genomes do not encode the necessary enzymes (Jami & Mizrahi, 2012). Efforts to gain 
further insight have included the isolation of species as well as metagenomics analyses. 
While a number of cellulose utilizing rumen microbial species have been isolated, 
metagenomics studies have revealed that the vast majority remain to be identified or 
characterized (Koike et al., 2003; Brulc et al., 2009; Hess et al., 2011; Sirohi et al., 2012; 
Dai et al., 2015). In an effort to gain further insight, we have described in this report five 
species-level OTUs that were enriched in rumen cultures supplemented with cellulose. 
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 Of the OTUs identified in our study, four were assigned to Ruminococcaceae. 
Members of this family were among the most abundant in the rumen samples analyzed, 
ranging from 6.1%-10.3% of the total reads per sample, then increasing to 15.8%-19.3% 
within 7 days in the presence of cellulose. Previous studies have shown that 
Ruminococcaceae can be very highly represented in the rumen. Indeed, the meta-analysis 
by Kim et al. (2011) revealed that Ruminococcaceae represented approximately 13.5% of 
all full length bacterial rumen 16S rRNA gene sequences, corresponding to 25.8% of 
Clostridia, in publicly available databases.  
OTU C10-00008 was found to correspond to R. flavefaciens, based on our genetic 
distance cutoff. It is a known cellulose-utilizing species that expresses cellulosomes, 
which are cell surface protein complexes that can bind to plant fiber particles and 
hydrolyze plant cell wall polysaccharides (Bayer et al., 2008). Various strains of R. 
flavefaciens have been shown to express a broad range of carbohydrate-utilizing 
enzymes, including endocellulase, glucanase, exoglucanase, and cellodextrinase, making 
it a versatile user of plant cell wall fiber polymers (Gardner et al., 1987; Howard & 
White, 1988; Doerner & White, 1990; Wang & Thomson, 1990; Wang et al., 1993; 
Vercoe et al., 1995a; Vercoe et al., 1995b). Interestingly, its crystalline cellulose 
metabolizing rate has been shown to be higher than other fibrolytic rumen bacteria, 
indicating that this microorganism would likely thrive in fiber-rich environments (Latham 
et al., 1978a; Latham et al., 1978b; Shi & Weimer, 1992; Miron et al., 1994). While 
OTUs related to R. flavefaciens have commonly been reported from ruminal diversity 
studies, they are typically found in relatively low abundance. For instance, Creevy et al. 
(2014) described two distinct strains of R. flavefaciens as part of the core rumen bacteria, 
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which represented 0.06% to 0.08% of the total reads on a scaled average among seven 
studies. These values are slightly lower, but within the same range, of the relative 
abundance found in the rumen sample from which it was enriched (0.21%). While R. 
flavefaciens, together with other well-characterized fibrolytic bacteria such as 
Fibrobacter succinogenes and R. albus, typically do not account for more than 1% to 3% 
of the total bacteria in the rumen, they are expected to contribute significantly in rumen 
function (Stevenson & Weimer, 2007; Flint et al., 2008; Wallace, 2008; Russell et al., 
2009; Mosoni et al., 2011).  
Two OTUs from this taxonomic group were designated as unclassified 
Ruminococcaceae. In their meta-analysis, Kim et al. (2011) reported that approximately 
8.7% of reads corresponded to unclassified Ruminococcaceae, which is within the range 
observed for the rumen samples collected in this study. Jami et al. (2013) observed a 
slightly lower relative abundance for unclassified Ruminococcaceae (5.56%) in the 
rumen of 2-year old Israeli Holsteins that were fed a 70% concentrate: 30% roughage 
diet. Evidence supporting their involvement in fiber degradation was provided by Huws 
et al. (2013), who reported an increase in the abundance of members from this family 
after 8 hours of in situ incubation with fresh perennial ryegrass. Fouts et al. (2012) also 
reported an unclassified Ruminococcaceae OTU as one of the most abundant rumen 
bacteria in cows consuming a forage diet.  
Intriguingly, an uncharacterized species of the Ruminococcaceae genus 
Ethanoligenens was also enriched from sample 2. Ethanoligenens harbinense is thus far 
the only species identified from this genus. Originally isolated from the anaerobic sludge 
of molasses wastewater, it is capable of fermenting various mono-, di- and 
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oligosaccharides, including D-glucose and cellobiose, into ethanol, acetate, hydrogen, 
and carbon dioxide (Xing et al., 2006). Based on these metabolic activities, co-
enrichment of an uncharacterized species of Ethanoligenens suggests that it may benefit 
from the cellulose metabolizing activity of other rumen bacteria, such as OTUs LOD11-
02512 and LOD10-23342 that were also enriched in sample 2. Alternatively, the 
uncharacterized Ethanoligenens identified in our study may be capable of metabolizing 
cellulose. Indeed, Chang et al. (2010) showed E. harbinense to be among the main 
species found in the second generation of a repeated-batch culture of ruminal fluid 
supplemented with napiergrass. Moreover, an OTU corresponding to an Ethanoligenens-
related species was found in rumen fluid supplemented with wheat straw (Li et al., 2017). 
Identifying this organism in this study, as well as in other studies supplementing rumen 
inoculum with cellulosic biomass, suggests that it may contribute to plant fiber 
breakdown.  
Unexpectedly, only one enriched OTU was assigned to Prevotella. Indeed, this 
genus has not only the highest number of species amongst Bacteroidetes genera, it is also 
considered to be the most predominant bacterial group in the rumen (Stevenson & 
Weimer, 2007; Jami & Mizrahi, 2012). It was the most frequent genus found by Kim et 
al. (2011), accounting for 11.1% of all bacterial sequences, including 41.5% of 
Bacteroidetes sequences. Several species belonging to the genus Prevotella have been 
previously described to have cellulolytic capabilities, including P. bryantii, P. rumincola, 
and P. albensis, and are regularly found in rumen diversity studies (Stevenson & Weimer, 
2007; Purushe et al., 2010). The importance of this group in fiber degradation in the 
rumen is supported by the number of enzymes identified in this genus, including 
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endocellulase, endogluconase, and exogluconase (Vercoe & Gregg, 1992; Wulff-Strobel 
& Wilson, 1995; Krause et al., 2003). Further support for the contribution of Prevotella 
species in fiber degradation was shown by a metagenomics study by Jose et al. (2017), 
where Prevotella was reported to account for more than 36% of the glycoside hydrolases 
and other carbohydrate-metabolizing enzymes identified in animals fed finger millet 
straw.  
While members of the Prevotellaceae family were found to be the most abundant 
group in the rumen samples analyzed in this study, their relative abundance decreased 
after 7 days in the presence of cellulose as the only exogenous substrate provided. Since 
certain valid Prevotella species have been found to metabolize starch and proteins rather 
than cellulose (Griswold & Mackie, 1997; McSweeney & Mackie, 2012), perhaps this 
group was involved in metabolizing other components of the diet for the rumen samples 
analyzed in this study. 
Conclusion 
Overall, supplementation with cellulose allowed the enrichment of one to three 
OTUs from bovine rumen fluid sampled from different individual hosts. While further 
investigation is needed to determine their genetic and metabolic potential, the ability of 
these OTUs to thrive in the presence of cellulose suggests their involvement in cellulose 
degradation. Moreover, enrichment of one known cellulolytic organism supports the 
approach used in this study. Identification of such bacteria could allow for a greater 
understanding of ruminal cellulose metabolism, with the potential to offer new insight on 
strategies to enhance efficiency of cellulose use in ruminant livestock. Further insight 
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into their potential could be obtained through functional-based studies, metagenomics, or 
both, which would allow us to explore their genetic and metabolic capabilities.   
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Figure 2.1. Taxonomy-based bacterial community profile of three rumen samples 
prior to cellulose enrichment. Values are expressed as relative abundance (%). A) Rumen 
sample 1; B) Rumen sample 2; C) Rumen sample 3; D) Color-coded legend. Other phyla 
category include Proteobacteria, Fibrobacteres, Lentisphaerae, Spirochaetes, Tenericutes, 
Fusobacteria, Elusimicrobia, Actinomycetes, and/or Planctomycetes. (uncl.= unclassified)  
A) B) 
C) 
(5,480 OTUs) (6,198 OTUs) 
(6,756 OTUs) D) 
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Figure 2.2. Relative abundance of five enriched bacterial species-level OTUs in the 
presence of cellulose. Relative abundances for uncultured rumen samples (D0) and cellulose-
supplemented cultures (Cel 1, Cel 2, and Cel 3) at D7 and D14 are presented separately, while 
means of duplicates are shown for control cultures. Predicted taxonomic affiliations for each 
of the represented OTUs in A, B, and C are shown in the figure legend as determined by RDP 
Classifier and BLAST. 
A) 
B) 
C) 
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Figure 2.3. Mean pH values for cellulose cultures (triplicate) and control cultures 
(duplicate) in sample 2 (A) and sample 3 (B) on selected days of incubation. 
A) 
B) 
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Table 2.1. Number of high-quality, non-chimeric 16S rRNA reads used to determine 
the bacterial composition of samples from rumen fluid and at day 7 (D7) and day 14 
(D14). 
 
 
 Single sample 
 Range for 2 samples 
 Range for 3 samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Rumen	 D7 D14 
 Con
 Cel Con
 Cel 
Sample 1 16,278 10,246-22,121 9,281-16,942 13,642-16,681 11,017-19,584 
Sample 2 8,348 5,678-7,299 8,486-9,479 4,368-10,226 28,773-40,028 
Sample 3 8,236 10,660-12,935 11,171-13,969 4,587-5,954 7,617-13,523 
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Table 2.2. Relative abundances (%) of major taxonomic groups from rumen 
samples (D0) and cellulose-enriched cultures (D7). 
 
 
aValue obtained from single sample 
bAverage and standard deviation from triplicate cultures 
 
 
 
 
 
 
 
 
Taxonomic Affiliation 
Sample 1 Sample 2 Sample 3 
D0a  D7b D0
a D7b D0
a D7b 
Bacteroidetes   51.8 35.3±5.3 62.3 35.7±3.9 51.6 34.3±1.8 
 
Prevotellaceae 20.2 11.6±1.6 38.2 20.2±1.6 25.6 22.6±1.7 
Unclassified Bacteroidales 17.2 10.6±6.5 18.4 10.1±1.8 17.8 7.4±1.8 
Other Bacteroidetes 14.4 13.1±5.9 5.7 5.4±1 8.2 4.3±0.6 
Firmicutes   25.6 44.6±2.7 34.3 50.3±6 42.1 54±1.3 
 
Ruminococcaceae 6.1 15.8±6.1 10.3 17.5±2.7 9.3 19.3±1.3 
Lachnospiraceae 10.3 8.1±2.2 11.8 8.2±0.9 14.4 15.3±1.8 
Unclassified Clostridiales 6.4 14.7±4.1 10.4 17.7±1.8 15.7 14.4±0.8 
Other Firmicutes 2.8 6±1.5 1.8 6.9±1.3 2.7 5±1 
Fibrobacteres   7 0.3±0.3 1.3 9.5±8.2 1.5 0.1±0.1 
Other Bacteria   15.6 19.8±3.1 2.1 4.5±1.8 4.8 11.6±0.6 
60 
 
Table 2.3. Relative abundance and RDP Classifier derived taxonomic assignment 
for highly represented (>1%) OTUs in rumen fluid, day 7 (D7) control (Con), and/or 
cellulose-supplemented (Cel) cultures in sample 1.  
 
 Value obtained from single sample 
 Average and standard deviation from duplicate cultures 
 Average and standard deviation from triplicate cultures 
 
 
 
 
 D0	 D7  
OTU  Con
 Cel Taxonomy 
C4-00892 0.4 0.2±0.1 7.0±2.9 Saccharibacteria_genera_incertae_sedis 
C3-01379 0.3 0.9±0.7 4.6±3.2 unclassified_Ruminococcaceae 
C1-00068 3.9 2.3±0.6 2.2±0.8 unclassified_Bacteria 
C2-00501 0.04 6.8±7.2 0.1±0.01 Arcobacter 
C2-00282 0.01 6.0±5.7 0.02±0.01 Alcaligenes 
C2-05094 0.1 2.7±3.6 0.3±0.2 unclassified_Bacteria 
C1-16337 1.8 0.05±0.02 2.4±0.4 Prevotella 
C1-05580 1.3 0.5±0.5 1.8±0.6 unclassified_Planctomycetaceae 
C2-13598 0.6 1.4±0.6 1.0±0.4 unclassified_Ruminococcaceae 
C1-02448 1.2 1.3±1.3 0.7±0.3 unclassified_Planctomycetaceae 
C4-02376 0.3 0.1±0.1 2.0±0.7 Saccharibacteria_genera_incertae_sedis 
C1-20114 0.8 0.05±0.001 1.9±1.8 unclassified_Bacteroidales 
C1-00377 4.7 0.04±0.02 0.2±0.2 Fibrobacter 
C1-17299 0.9 0.1±0.01 1.5±1.3 unclassified_Bacteroidales 
C1-03796 0.7 0.2±0.1 1.2±0.9 Succiniclasticum 
C1-01207 1.7 0.2±0.1 0.8±0.5 unclassified_Porphyromonadaceae 
C1-03174 0.1 1.5±0.8 0.3±0.01 unclassified_Bacteroidetes 
C4-08978 0.05 0.1±0.04 1.5±0.7 unclassified_Ruminococcaceae 
C1-03126 0.4 1.0±1.1 0.3±0.2 unclassified_Planctomycetaceae 
C3-06973 0.3 0.2±0.1 1.1±0.8 unclassified_Clostridiales 
C1-06399 0.1 1.5±0.6 0.3±0.2 unclassified_Bacteroidetes 
C2-06248 0.01 1.5±1.6 0.5±0.4 Comamonas 
C4-00066 1.2 0.01±0.001 0.7±0.4 Prevotella 
C2-06434 0.02 1.1±0.5 0.04±0.02 Victivallis 
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Table 2.4. Relative abundance and RDP Classifier derived taxonomic assignment 
for highly represented (>1%) OTUs in rumen fluid, day 7 (D7) control (Con), and/or 
cellulose-supplemented (Cel) cultures in sample 2.  
 
 D0	 D7  
OTU  Con
 Cel Taxonomy 
LOD5-02224 0.7 0.01±0.01 7.7±6.9 Fibrobacter 
LOD4-01417 0.1 0.01±0.02 1.6±0.4 Prevotella 
 
 Value obtained from single sample 
 Average and standard deviation from duplicate cultures 
 Average and standard deviation from triplicate cultures 
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Table 2.5. Relative abundance and RDP Classifier derived taxonomic assignment 
for highly represented (>1%) OTUs in rumen fluid, day 7 (D7) control (Con), and/or 
cellulose-supplemented (Cel) cultures in sample 3.  
 D0	 D7  
OTU  Con
 Cel Taxonomy 
LOE10-04095 33.6 0.1±0.03 4.4±6.1 Prevotella 
LOE4-02289 0.1 0.1±0.02 4.2±6.0 Prevotella 
LOE2-14324 0.2 0.4±0.3 2.5±0.2 unclassified_Alphaproteobacteria 
LOE2-14329 0.2 0.3±0.3 1.0±0.1 unclassified_Ruminococcaceae 
LOE3-00201 1.0 0.6±0.2 0.6±0.1 SR1_genera_incertae_sedis 
LOE4-22899 0.01 0.03±0.002 1.1±1.6 unclassified_Ruminococcaceae 
LOE2-01576 0.2 1.3±0.8 0.1±0.02 unclassified_Bacteroidales 
 
 Value obtained from single sample 
 Average and standard deviation from duplicate cultures 
 Average and standard deviation from triplicate cultures 
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Table 2.6. Rumen and culture VFA concentrations from sample 1 (A) and sample 2 
(B). 
A) 
 
 
B) 
 
 Acetate Propionate Butyrate 
 mM SD  mM SD  mM SD  
D0 50.2 0 12.5 0 8.2 0 
Con D7 90.5 11.1 20.3 2.7 11.2 1.0 
Cel D7 95.5 7.6 23.0 0.8 12.2 0.3 
Con D14 76.5 9.9 18.8 2.5 10.4 0.8 
Cel D14 90.7 10.9 22.1 2.6 12.4 0.9 
 
   * Value significantly lower than normal ruminal acetate concentrations 
a Value obtained from single sample 
 Average and standard deviation from duplicate cultures 
 Average and standard deviation from triplicate cultures 
 
 
 
 
 
 Acetate Propionate Butyrate 
 mM SD  mM SD  mM SD  
D0 17.6* 0 6.8 0 5.2 0 
Con D7 75.0 7.4 17.3 0.9 9.5 0.2 
Cel D7 106.3 3.5 39.8 0.6 13.8 0.4 
Con D14 56.4 6.6 14.1 1.2 8.3 0.8 
Cel D14 89.5 9.8 31.1 5.9 11.7 1.5 
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Chapter 3 
METAGENOMIC ANALYSIS OF TWO CANDIDATE CELLULOSE UTILIZING 
BACTERIA FROM THE RUMEN OF BEEF CATTLE 
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Abstract 
The microbial-driven process of converting cellulosic biomass into utilizable energy is a 
defining feature of ruminant animals. Due to the complexity of rumen microbial 
communities, the vast majority of ruminal microorganisms remain uncharacterized. In 
order to gain further insight, selection-based batch culturing from bovine ruminal fluid in 
combination with metagenomics was used to identify previously uncharacterized rumen 
bacteria capable of metabolizing cellulose. 16S rRNA-based population analysis was 
used to identify bacteria enriched from ruminal fluid within 14 days of culturing in the 
presence of cellulose. Two distinct species-level operational taxonomic units (OTUs) 
were enriched. One OTU corresponding to an uncultured species of Rummeliibacillus 
showed a 291-fold average increase compared to the original rumen inoculum, and 
represented 30.7% of reads in cultures supplemented with cellulose. The other OTU was 
an uncultured species of Prevotella sp. and had increased by 46-fold after 14 days in the 
presence of cellulose, and represented on average 14.1% of the reads. Metagenome 
sequencing and analysis revealed genes with predicted cellulolytic capabilities (cellulase, 
endoglucanase, and beta-glucanase) in the Rummeliibacillus and Prevotella-related 
organism, as well as genes predicted to function in cellulose binding. Functions involved 
in amino acid acquisition such as protease activity, amino acid transport and glutamate 
synthase, were also found in both OTUs. The identification and characterization of novel 
candidate cellulolytic species of ruminal bacteria provides additional insight towards a 
better understanding of ruminal cellulose metabolism. 
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Introduction 
Cellulose, the main component of plant cell walls, represents one of the most 
abundant organic polymers and reserve of monosaccharides on earth (Naas et al., 2014). 
As a result, herbivory has successfully evolved in certain animal groups to utilize this 
abundant source of energy. However, since mammalian genomes do not encode for 
cellulose-metabolizing enzymes, herbivores typically rely on commensal gastrointestinal 
microorganisms to breakdown plant-cell wall polysaccharides (Van Soest, 1994; 
McSweeney & Mackie, 2012; Yue et al., 2013). 
Due to their complex molecular structures, cellulose and other components of 
plant fibers represent recalcitrant substrates even for microorganisms that can metabolize 
them. Consequently, mammalian herbivory has successfully evolved two main strategies 
to maximize the digestion efficiency of these complex substrates. In hindgut fermenters, 
the distal segments of the gastrointestinal tract are the most developed, resulting in 
increased intestinal volume to favor retention time and maintenance of high microbial 
numbers (Macfarlane & Macfarlane, 1993). In contrast, ruminants have developed a 
compartmentalized stomach, of which the largest segment, known as the rumen, hosts the 
microbial symbionts responsible for digesting the feed consumed by the animal (Van 
Soest, 1994). Based on the number of ruminant species that have evolved and the diverse 
array of habitats they occupy as a group, foregut fermentation represents a very 
successful strategy for herbivory. Thanks to their ability to transform inedible plant 
biomass into protein-rich products, ruminants have played a central role throughout 
human history, and, to this day, are expected to contribute in meeting the demands of a 
rapidly growing and urbanizing global population (Thornton, 2010). 
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The rumen microbial ecosystem consists of a diverse array of members from the 
three domains of life: i.e. bacteria, archaea, and eukarya (protozoa and fungi). Because 
they thrive in anoxic conditions, rumen microorganisms tend to have specialized 
metabolic functions, and thus rely on other community members to provide them with 
nutrients that they are unable to synthesize. As a result of this co-dependence, rumen 
microorganisms form complex trophic relationships (Johnson et al., 2012). Based on the 
metabolic properties of currently known rumen microorganisms, not all members of the 
rumen microbial communities are involved in cellulose metabolism (Varel & Dehority, 
1989; Krause et al., 2003). While protozoa and fungi are major contributors, bacteria are 
the most investigated subgroup as they represent the most diverse group in terms of 
genetic and metabolic functions, and are also found at the highest cell density in the 
rumen (Van Soest, 1994). A number of isolates from major bacterial phyla such as 
Bacteroidetes, Firmicutes, and Fibrobacteres have been cultured, which include well 
characterized species such as Prevotella ruminicola, Ruminococcus albus, and 
Fibrobacter succinogenes, respectively. While these cultured isolates are thought to play 
an important role in normal ruminal function, they may represent only 6% of rumen 
cellulose utilizing bacterial species (Russell et al., 2009; Creevey et al., 2014). 
Genomic sequencing of cultured isolates has revealed an abundance of genes 
involved in cellulose catabolism. For example, R. flavefaciens FD-1 has been shown to 
have exoglucanase activity, a cellodextrinase, and at least four glucanases (celB, celC, 
celD, celE) (Gardner et al., 1987; Howard & White, 1988; Doerner & White, 1990; 
Wang & Thomson, 1990; Wang et al., 1993; Vercoe et al., 1995a; Vercoe et al., 1995b). 
In addition, R. flavefaciens strain 17 also possesses endoglucanases from glycoside 
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hydrolase (GH) families 5 and 44 (Cunningham et al., 1991; Rincon et al., 2001). 
Sequencing of the R. albus genome has also revealed a variety of fibrolytic genes 
including seven distinct endoglucanases, a cellobiosidase, and two β-glucosidases 
(Forsberg et al., 1997; Miyagi et al., 1998). R. albus strain F-40 has also been shown to 
encode for a cellulosome complex (Ohara et al., 2000), which are cell surface protein 
complexes that can bind to plant fiber particles and hydrolyze plant cell wall 
polysaccharides (Bayer et al., 2008). Indeed a number of rumen metagenomics studies 
have reported an abundance of previously unidentified carbohydrate-active genes, 
suggesting a wealth of uncharacterized bacteria involved in cellulose catabolism that 
have yet to be isolated (Brulc et al., 2009; Hess et al.; 2011, Wang et al., 2013). In this 
context, we present in this report a metagenomic analysis of two candidate cellulose 
metabolizing bacteria that were identified through enrichment from rumen fluid. These 
correspond to novel species that have previously not been described. 
Materials and Methods 
Rumen fluid collection and culturing 
 All animal procedures were approved by the Institutional Animal Care and Use 
Committee at South Dakota State University. Samples were collected on December 2015 
from a fistulated Simental × Angus cow maintained at the South Dakota State University 
Cow-Calf Education and Research Facility. This individual is part of a herd whose diet 
consisted primarily of pasture hay or haylage. For the culture experiment, 12 L of fresh 
rumen fluid were collected by manually squeezing the liquid fraction from solid digesta, 
and the samples were stored in insulated containers during transit. For culture setup, 
which took place within one hour of sample collection, rumen fluid stored in separate 
69 
 
containers during transit were combined, mixed, and distributed amongst five bioreactors 
(Chemglass) with a volume of approximately 2.2 L for each culture and 0.8 L for biogas 
(headspace). Cellulose (20g/L, Sigma cat# C8002) was added to three replicate cultures, 
while the remaining two bioreactors were not supplemented with any substrate. Cultures 
were maintained at a temperature of 38°C, with stirring at 150rpm. Each bioreactor was 
equipped with a flexible plastic tube to allow for the release of excess biogas and prevent 
pressure build-up.  
Microbial DNA extraction and PCR amplification of the 16S rRNA gene  
 Microbial DNA was isolated from rumen and culture samples using the repeated 
bead beating and column method, as described by Yu and Morrison (2004). The V1-V3 
region of bacterial 16S rRNA gene sequences were PCR-amplified using the 27F forward 
(Edwards et al., 1989) and 519R reverse primer pair (Lane et al., 1985). PCR reactions 
were performed with the Phusion Taq DNA polymerase (Thermo Scientific) under the 
following conditions: hot start (4 min, 98 oC), followed by 35 cycles of denaturation (10s, 
98 oC), annealing (30s, 50 oC) and extension (30 s, 72 oC), then ending with a final 
extension period (10 min, 72 oC). PCR products were separated by agarose gel 
electrophoresis, and amplicons of the expected size (~500bp) were excised for gel 
purification using the QiaexII Gel extraction kit (Qiagen). For each sample, at least 400 
ng of amplified DNA were submitted to Molecular Research DNA Lab (MRDNA) 
(Shallowater, TX, USA) for sequencing with the Illumina MiSeq 2x300 platform to 
generate overlapping paired end reads. 
Computational analysis of PCR-generated 16S rRNA amplicon sequences  
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 Raw bacterial 16S rRNA gene sequences of V1-V3 amplicons were assembled as 
contigs from overlapping MiSeq 2x300 paired-end reads from the same flow cell clusters. 
Reads were then selected using custom Perl scripts to meet the following criteria: 
presence of both 27F (forward) and 519R (reverse) primer nucleotide sequences, length 
between 400 and 580nt, and a minimal quality threshold of no more than five nucleotides 
with a Phred quality score lower than 15. Using custom Perl scripts, these high quality 
reads were then aligned, and clustered into operational taxonomic units (OTUs) at a 
species-level genetic distance cutoff of 5% sequence dissimilarity (St-Pierre & Wright, 
2015). 
 OTUs were then screened for sequence artifacts using three separate methods. 
Chimeric sequences were first identified with the chimera.uchime command from the 
MOTHUR open source software package (Schloss et al., 2009). Secondly, OTUs with 
fewer than 500 reads that were not assigned to a known bacterial phylum by RDP 
Classifier (“unclassified bacteria” at an 80% bootstrap cutoff) (Wang et al., 2007) were 
designated as artifacts. Finally, the integrity of the 5′ and 3′ ends of OTUs was tested 
using a database alignment search based approach. When compared to their closest match 
of equal or longer sequence length from the NCBI nt database found by BLAST 
(Altschul et al., 1997), OTUs with more than five nucleotides missing from the 5′ or 3′ 
end of their respective alignments were designated as artifacts. After removal of chimeras 
and artifacts, taxonomic assignment of valid OTUs was performed using a combination 
of RDP Classifier and BLAST. The List of Prokaryotic Names with Standing in 
Nomenclature (LPSN) was also consulted for information on valid species belonging to 
various taxa of interest. 
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Metagenome assembly and analysis 
Genomic DNA from D14 culture #3, with the highest enrichment for both OTUs 
of interest, was used for metagenomic analysis. Random or “shotgun” sequencing was 
performed using the Illumina MiSeq 2x250 (MRDNA, Shallowater, TX). Raw sequenced 
reads greater than 200bp in length were used in this analysis, and de novo assembly of the 
sequences was performed using ABySS (Simpson et al., 2009) at a kmer length of 64bp. 
To ensure analysis of contigs corresponding to only the OTUs of interest, a minimal 
length of 5,000 nt was used as threshold for downstream analysis. Potential protein-
encoding open reading frames (ORFs) within the assembled contigs were identified using 
the online tool RAST (Aziz et al., 2008). The taxonomic affiliation of each contig was 
assigned using BLASTp, which was used to distinguish between contigs belonging to 
each OTU. Gene annotation for ORFs were performed using a combination of RAST and 
BLAST, while pathway information for particular ORFs of interest was found using 
KEGG (Kanehisa & Goto, 2000). 
Results 
Bacterial community structure in the uncultured rumen sample used as inoculum 
 Prior to selection with cellulose, the composition of the bacterial population from 
the rumen inoculum was analyzed (Figure 3.1). A total of 9,045 species-level OTUs were 
identified, with Bacteroidetes being the most abundant phylum (56.6%), of which 
Prevotellaceae were the highest represented family (36.1%). Firmicutes was the second 
most abundant phylum, having a relative abundance of 20.3%, with unassigned or 
unclassified Clostridiales being the most abundant group within this phyla (6.2%). 
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Lachnospiraceae (5.9%) and Ruminococcaceae (5.7%) were the predominant families 
within Firmicutes. Other well represented phyla in the rumen sample were Fibrobacteres 
(3.7%) and the candidate phylum SR1 (6.1%).  
 Bacterial communities were further characterized through identification of well 
represented OTUs, defined as representing at least 1% of sequences (Table 3.1). Seven 
OTUs were found to meet this criteria. The OTU with highest abundance was assigned to 
the candidate phylum SR1, with a relative abundance of 4.5%. Of the remaining OTUs, 
two belonged to Planctomycetes, while Bacteroidetes, Fibrobacteres, the candidate 
phylum SR1, and an unclassified or unassigned phylum each were represented by one 
OTU.  
Identification of candidate cellulose utilizing rumen bacteria using batch culture 
enrichment 
After 14 days in cultures supplemented with cellulose, two OTUs were found in 
greater abundance (Figure 3.2). OTU A16-00027, increased from 0.1% in the original 
rumen sample to 43.5%, 41.6%, and 7.0% in the triplicate cultures supplemented with 
cellulose, representing a 87 to 543 fold increase. In comparison, control cultures on d14 
showed a mean relative abundance of 0.2% for this OTU. The closest relatives to this 
OTU (sequence identity of 99%) were found to be an uncultured bacterium isolated from 
multiple environmental sources including marine sediment (GU368058.1, GU368037.1), 
anaerobic sludge from a methanogenic bioreactor (HM107031.1), and heavy metal 
contaminated soils (DQ154284.1) (Kourtev et al., 2006). Rummeliibacillus stabekisii 
(AB669588.1) was identified as its closest valid relative (99% sequence identity) (Kanno 
et al., 2013).  
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OTU A16-00103 also showed an increase in the presence of cellulose, increasing 
from a relative abundance of 0.3% in the rumen sample to 26.3%, 9.6%, and 6.3% in the 
three experimental replicates on D14 (Figure 3.2). This OTU was in contrast found in low 
abundance in D14 cultures not supplemented with cellulose (0.1%). It was assigned to the 
genus Prevotella, and was most closely related (99% sequence identity) to uncultured 
bacteria isolated from bovine rumen (AB730679.1) (Nyonyo et al., 2013), the rumen of 
cattle fed cashew nut (AB616528.1, AB616459.1, AB616404.1, AB616507.1), the rumen 
of cattle fed a high grain diet (HM104936.1) (Fernando et al., 2010), and the rumen of 
buffalo (JX003974.1, JX003973.1, JX003913.1). The closest valid relative (91% 
sequence identity) for this OTU was found to be P. melaninogenica (LT684184.1).  
de novo assembly of metagenomic DNA sequences 
 A total of 366,734 contigs were generated from ABySS. Only contigs greater than 
5,000 nt in length were used for further analysis, in order to focus on genome fragments 
with the potential for multiple ORFs to allow operon construction, as well as the higher 
likelihood that larger contigs would correspond to enriched organisms within the sample 
of interest. Of the 511 contigs that met those criteria, 322 were assigned to the enriched 
Rummeliibacillus, 174 corresponded to the enriched Prevotella, while the remaining 15 
contigs more likely belonged to other bacterial phyla. Prediction of amino acid sequences 
revealed 4,988 ORFs from the Rummeliibacillus contigs compared to 1,070 ORFs for the 
Prevotella of interest.  
 Using the online tool RAST, ORFs were annotated for functional assignment 
using a subsystem approach, with each subsystem representing a particular metabolic 
function within an organism of particular interest to this study. ORFs assigned to 
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carbohydrate metabolism represented 4.3% and 3.5% of predicted protein sequences 
amongst the contigs of the uncultured Rummeliibacillus and Prevotella, respectively 
(Tables 3.2 & 3.3). In comparison, most ORFs from either organism could not be 
assigned to a particular metabolic function.  
Characterization of carbohydrate-utilizing genes in the partial genomes of enriched 
organisms 
 To widen the scope for identification of genes involved in fiber degradation, 
ORFs were annotated using BLAST and screened by a keyword search for carbohydrate-
active related enzymes. The enriched OTU corresponding to a novel Rummeliibacillus 
species was predicted to possess eleven ORFs involved in cellulose metabolism, 
including endoglucanase, beta-glucanase, beta-glucosidase, and other glycoside 
hydrolases with known cellulolytic capabilities (Table 3.4). Thirteen other ORFs were 
found to correspond to glycoside hydrolases, of which four ORFs pertained to starch 
metabolism, while the remaining nine were not associated with starch or cellulolytic 
capabilities or were not assigned to a GH family. Also found was an ORF related to 
carbohydrate binding, four ORFs involved in monosaccharide release, including 
cellobiose phosphorylase and aryl-phospho-beta-D-glucosidase. 
The Prevotella-related enriched OTU was found to have an ORF corresponding to 
a cellulase, as well as ten other ORFs shown to encode GHs, while one ORF encoded 
glycogen synthase (Table 3.5). Other ORFs of interest related to carbohydrate 
metabolism included twelve ORFs with carbohydrate binding activity, six ORFs that 
encoded for enzymes that release monosaccahrides, and two ORFs involved in glycan 
degradation. 
75 
 
Identification of glycogen synthesis pathway enzymes in both enriched organisms 
 Another pathway of particular interest were the enzymes involved in 
polysaccharide metabolism for the two enriched organisms found in this experiment. 
Indeed, the enriched Rummeliibacillus organism was shown to possess a variety of ORFs 
predicted to be involved in glycogen synthesis, including proteins such as glycogen 
phosphorylase, glycogen branching protein, glycogen biosynthesis protein, and 4-alpha-
glucan branching enzyme (Figure 3.3). This organism was predicted to convert 
extracellular cellulose into cellodextrin, then subsequently into cellobiose using 
endoglucanase (EC: 3.2.1.4). Cellobiose can then be phosphorylated into cellobiose-6′P 
for uptake into the cell, and converted to D-glucose by 6-phospho-beta-glucosidase (EC: 
3.2.1.86) for use as an energy source. Phosphorylation of D-glucose by glucokinase (EC: 
2.7.1.2) results in D-glucose-6′P, which is transformed into α-D-glucose-1′-P by 
phosphoglucomutase (EC: 5.4.2.2) by transfer of a phosphate group. ADP-glucose is then 
created by glucose-1′-phosphate adenylyltransferase (EC: 2.7.7.27), to produce amylose 
from the conversion of ADP-glucose by starch synthase (EC: 2.4.1.21). Amylose is then 
branched into glycogen by 1,4-alpha-glucan branching enzyme (EC: 2.4.1.18). Two 
mechanisms are predicted to utilize glycogen for energy: 1) glycogen is catabolized into 
α-D-glucose-1′-P by glycogen phosphorylase (EC: 2.4.1.1) which can then be converted 
back to D-glucose-6’P by phosphoglucomutase, or 2) glycogen can be hydrolyzed into 
maltose/dextrin by alpha-amylase (EC: 3.2.1.1), then subsequently broken down to D-
glucose by maltose-glucoamylase (EC: 3.2.1.20) or 4-alpha-glucanotransferase (EC: 
2.4.1.25).  
Identification of protein-utilizing genes in enriched rumen OTUs 
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 To identify genes involved in protein catabolism, ORFs were annotated using 
BLAST and screened by a keyword search for protein-degrading enzymes. A number of 
proteases/peptidases were identified for both enriched organisms. A variety of 
peptidases/proteases were identified in the Rummeliibacillus enriched organism from a 
number of different peptidase families including endopeptidases, amino acid-specific 
proteases, zinc dependent peptidases/protease, and aminopeptidases (Table 3.6). 
Glutamate synthase was also identified in this organism.  
The Prevotella enriched organism possessed peptidases/proteases including C-
terminal processing peptidase-3, aminopeptidase C, peptidase C10, M16, M28, S10, S41, 
and U32, ion protease, as well as a rhomboid family intramembrane serine protease 
(Table 3.7). Enzymes associated with glutamate synthesis were also identified. 
Discussion 
 In ruminants, rumen microorganisms are responsible for the digestion of feed, 
which produces end products such as volatile fatty acids that are subsequently absorbed 
and metabolized by their host, which contribute 60-80% of their daily energy 
requirements (Van Soest, 1994). Advances made in next-generation sequencing have 
greatly contributed to elucidate the vast diversity found in the rumen ecosystem, with an 
estimated several hundred to several thousand species of microorganisms. Since the 
majority of rumen microbial species have yet to be characterized, the factors responsible 
for this complexity are not fully understood. Factors typically regarded as major 
determinants of rumen microbial composition include host-symbiont relationships, the 
high degree of specialization seen by anaerobic microorganisms, and the molecular 
nature of substrates that compose ruminant diets (Kim et al., 2011; Creevey et al., 2014). 
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 Among the different substrates found in ruminant diets, cellulose, and 
mechanisms involved in its metabolism, have been of considerable interest due to its high 
abundance in forage-based diets. Since mammalian genomes do not encode for 
cellulolytic genes, the breakdown of cellulose in ruminants is dependent on 
microorganisms residing in the rumen (Jami & Mizrahi, 2012). While a number of 
cellulose utilizing rumen microbial species have been isolated, metagenomics studies 
have revealed that the vast majority remain to be identified or characterized (Koike et al., 
2003; Brulc et al., 2009; Hess et al., 2011; Sirohi et al., 2012; Dai et al., 2015).  
In an effort to gain further insight, we have described in this report a 
metagenomic analysis of a rumen culture supplemented with cellulose, in which two 
species-level OTUs were enriched. The two OTUs enriched in the presence of cellulose 
in this study belonged to two distinct bacterial phyla: Bacteroidetes and Firmicutes. 
These phyla have been shown to be dominant in most, if not all, rumen microbial 
diversity studies. OTU A16-00027 was found to belong to the genus Rummeliibacillus, 
which have so far been described as gram‐positive, facultative aerobic Firmicutes 
bacteria (Her & Kim, 2013). To our knowledge, a Rummeliibacillus species has not been 
identified in the rumen of cattle. However, its importance in the gut has been supported in 
previous research where humans were fed commercial soya milk; Rummeliibacillus was 
among the main genera to respond to these dietary changes (Ma et al., 2017). This genus 
is typically found in soil and sediment environments as described by da Mota et al. 
(2016), where R. stabekisii Strain PP9 was isolated from Antarctic soil, and by Her and 
Kim (2013), where R. suwonensis was isolated from soil collected in a mountain area of 
South Korea. Interestingly, R. stabekisii has been shown to utilize and produce acid from 
78 
 
D-ribose, D-xylose, D-galactose, D-glucose, D-lactose, D-mannose, D-mannitol and 
cellobiose (Vaishampayan et al., 2009).  
 Rummeliibacillus is a genus of the class Bacilli. Piao et al. (2014) found members 
of Bacilli to account for over 63% of the total ruminal bacterial population in a Friesian 
cow fed a mixed diet containing 60% fiber, suggesting this class’s importance in fiber 
degradation. Other ruminal microbial diversity studies have found bacteria belonging to 
Bacilli in relatively high abundance, although not to the same magnitude as that found by 
Piao et al. (2014). In their meta-analysis, Kim et al. (2011) reported that approximately 
1.4% of all bacterial sequences belonged to the class Bacilli, while Jose et al. (2017) 
found this class to account for more than 7% of combined bacterial and archaeal reads 
from metagenomic data collected from the rumen fluid of Holstein-Friesian crossbred 
steers.  
 Evidence supporting the enriched Rummeliibacillus species’ role in fiber 
degradation is supported from the results of our metagenomic analysis. A variety of 
glycoside hydrolases with known cellulolytic capabilities have been discovered from 
members of Firmicutes. While three GHs from the enriched Rummeliibacillus were 
assigned to a specific family (GH9), others that were not assigned to a previously 
designated group included cellulase, β-glucanase, and endoglucanase. GH9 members are 
commonly found in rumen meta- studies and include known cellulases. Dai et al. (2015) 
found this family of GHs to account for 13.71% of the total GHs, and is most heavily 
associated with Firmicutes relative to Bacteroidetes and Fibrobacteres, with percentages 
ranging from 1% to greater than 10% of the total plant cell wall polysaccharide (PCWP) 
degrading domains encoded by the respective genomes of the given genera. In addition, 
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Brulc et al. (2009) found GH9 to have a mean relative abundance of 1.06% compared to 
all GHs found in their analysis. 
 Additional downstream cellulose-degrading enzymes were found in the 
Rummeliibacillus-related OTU, including two from known GH families (GH1 and GH3), 
as well as a variety of unassigned enzymes including β-glucosidase, cellobiose 
phosphorylase, and aryl-phospho-beta-D-glucosidase. GH1 and GH3 are known 
oligosaccharide degrading enzymes (β-glucosidases) and are commonly found in rumen 
metagenomic/transcriptomic studies. Dai et al. (2015) showed that GH1 and GH3 
accounted for 5.07% and 12.2% of the total PCWP-targeting GHs in the rumen of 
Holstein cows, respectively. Dai et al. (2015) also showed the distribution of different 
GH families across various genera within Firmicutes, Bacteroidetes, and Fibrobacteres. 
GH1 was shown to only be present in Firmicutes-related bacteria. GH3 was found to 
range between 0.1% and 10% of the total PCWP degrading domains encoded by the 
genome of a given genus. In contrast, Brulc et al. (2009) found GH1 and GH3 at mean 
relative abundances of 2.03% and 29.57% of the total GHs found in the rumen of Angus 
cattle, respectively. 
Compared to the Rummeliibacillus-enriched OTU, the Prevotella-enriched OTU 
was not as highly represented in the sample used for metagenomic sequencing, rendering 
fewer de novo assembled contigs. A variety of genes were identified in the Prevotella-
related organism that were predicted to be involved in polysaccharide degradation. While 
only one unassigned cellulase was identified for the Prevotella OTU, a variety of SusD 
genes were found in the contigs assigned to this organism. Dai et al. (2015) described 
that only organisms belonging to Bacteroidetes were found to encode for SusD, which 
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encodes an integral protein found in polysaccharide utilization loci (PULs) which are 
gene clusters essential to the degradation of certain complex carbohydrates, including 
cellulose (Dai et al., 2012). Other genes predicted to be involved in carbohydrate 
metabolism were identified, including both assigned (GH18, GH25, and GH76) and 
unassigned glycoside hydrolases, xylanase, alpha-galactosidase, alpha-L-fucosidase, and 
alpha-rhamnosidase. Together, our results support a role in downstream polysaccharide 
utilization for this organism and suggest a potential versatility in carbohydrate 
metabolism.  
Certain ruminal bacteria have the ability to convert mono- and disaccharides into 
glycogen, which is an α-glucan intracellular storage polysaccharide with α-(1,4) and α-
(1,6) linkages (Masson & Oxford, 1951; Thomas, 1960). Based on our metagenomic 
analysis, the enriched organisms likely possess the genetic and metabolic potential to 
store carbohydrates in the form of glycogen for utilization once the available substrate is 
exhausted. Indeed, OTU A16-00027 (Rummeliibacillus related) possessed a variety of 
genes involved in glycogen metabolism, including glycogen phosphorylase, glycogen 
branching protein, 1, 4-alpha-glucan branching enzyme (GlgB), 4-alpha-
glucanotransferase, glycogen synthase, glycogen biosynthesis protein (GlgD), and alpha-
glucan phosphorylase. It has been described by Denton et al. (2014) that ruminal 
protozoa can sequester sugar away from bacteria by storing carbohydrates in the form of 
glycogen at a faster rate than bacteria, giving protozoa a distinct evolutionary advantage 
in the rumen. A similar concept may hold true when bacteria that possess enzymes to not 
only breakdown cellulose, but also convert it into a reserve carbohydrate, which may give 
these organisms a competitive advantage over others. Evidence supporting this 
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hypothesis is also seen in the Prevotella-related OTU where the enzyme glycogen 
synthase was identified. 
Typically, ruminal proteolytic bacteria metabolize dietary protein to ammonia, 
providing cellulolytic bacteria with a nitrogen source for protein synthesis (McSweeney 
& Mackie, 2012). However, proteolytic activity has been described in some well-
characterized cellulolytic bacteria including P. ruminicola and Butyrivibrio fibrosolvens 
(Hazlewood et al., 1983). Genes involved in amino acid acquisition (i.e. proteases and 
membrane transporters) were identified in the enriched OTUs. A high number of 
peptidases involved in the hydrolysis of various di- and tripeptides (including cysteine 
and serine types) were found in both enriched OTUs. These have also been reported as 
the most common rumen bacterial proteases (McSweeney & Mackie, 2012). 
Interestingly, three distinct ORFs found in the Rummeliibacillus-related organism 
corresponded to peptidase M23, a β-lytic metallopeptidase family that contains 
endopeptidases that lyse bacterial cell wall peptidoglycans (Grabowska et al., 2015). 
With this capability, it is possible that this organism could hydrolyze cell wall 
components from dead bacterial cells in culture.  
Thus, we hypothesize that two main characteristics allowed for these 
microorganisms to be enriched in our system, in addition to the ability to metabolize 
cellulose. First, the ability to store glucose as glycogen would allow an energy reserve 
once cellulose in the culture became exhausted. Second, the ability to metabolize 
peptidoglycans would allow the organism to use dead cells as a source of amino acids. 
Conclusion 
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The use of bovine rumen fluid cultures supplemented with cellulose allowed the 
enrichment of two previously uncharacterized bacterial species-level OTUs. 
Metagenomic analysis revealed a variety of genes predicted to function in cellulose 
metabolism in both enriched OTUs, including cellulolytic enzymes and cellulose-binding 
proteins. Further analysis of these organisms’ genomes may give insight into the 
physiochemical conditions required to isolate them in pure culture. In striving towards a 
better understanding of ruminal cellulose metabolism, investigation of individual 
populations of cellulolytic bacteria offers an alternative approach, with the potential to 
offer new insight on strategies to enhance feed efficiency in ruminant livestock. 
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Figure 3.1. Taxonomy-based bacterial community profile of rumen sample prior to 
cellulose enrichment. Values are expressed as relative abundance (%). Other phyla 
category include Proteobacteria, Fibrobacteres, Lentisphaerae, Spirochaetes, Tenericutes, 
Fusobacteria, Elusimicrobia, Actinomycetes, and/or Planctomycetes. (uncl.= unclassified)  
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Figure 3.2. Relative abundance of two enriched bacterial species-level OTUs in the 
presence of cellulose. Relative abundances for the uncultured rumen sample (D0) and 
cellulose-supplemented cultures (Cel 1, Cel 2, and Cel 3) at D7 and D14 are presented as 
original values, while means of duplicates are shown for control cultures. Predicted taxonomic 
affiliations for each of the represented OTUs are shown in the figure legend as determined by 
RDP Classifier and BLAST. 
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Figure 3.3. Adapted pathway from KEGG annotation with detected genes involved in 
cellulose and glycogen metabolism found in Firmicutes-enriched organism. 1 = 
endoglucanase/cellulase; 2 = endoglucanase; 3 = PTS system/cellobiose-specific IIA component; 
4 = 6-phospho-β-glucosidase; 5 = glucokinase; 6 = phosphoglucomutase; 7 = glucose-1-
phosphate adenylyltransferase; 8 = starch synthase; 9 = 1,4-α-glucan-branching-enzyme; 10 = α-
amylase; 11 = glycogen phosphorylase; 12 = 4-α-glucanotransferase/maltase-glucanoamylase. 
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Table 3.1. Relative abundance and RDP Classifier derived taxonomic assignment 
for highly represented (>1%) OTUs in rumen fluid. 
 
OTU D	 Taxonomy 
A1-01096 4.5 SR1_genera_incertae_sedis  
A1-09431 2.6 unclassified_Planctomycetaceae 
A1-01719 2.4 unclassified_Bacteria  
A1-03801 2.1 unclassified_Bacteroidales 
A1-02032 1.8 unclassified_Planctomycetaceae 
A1-06496 1.4 Fibrobacter  
A1-11322 1.1 SR1_genera_incertae_sedis  
 
 Value obtained from single sample 
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Subsystem % 
None 61.9 
Protein Metabolism 6.3 
Carbohydrates 4.3 
Amino Acids and Derivatives 3.5 
DNA Metabolism 2.9 
Nucleosides and Nucleotides 2.6 
RNA Metabolism 2.6 
Membrane Transport 2.1 
Cell Division and Cell Cycle 1.7 
Stress Response 1.5 
Cell Wall and Capsule 1.4 
Cofactors, Vitamins, Prosthetic Groups, Pigments 1.3 
Virulence, Disease and Defense 1.3 
Respiration 1.2 
Phages, Prophages, Transposable elements, Plasmids 1.1 
Fatty Acids, Lipids, and Isoprenoids 0.8 
Motility and Chemotaxis 0.8 
Phosphorus Metabolism 0.7 
Nitrogen Metabolism 0.5 
Regulation and Cell signaling 0.5 
Dormancy and Sporulation 0.2 
Iron acquisition and metabolism 0.2 
Potassium metabolism 0.2 
Resistance to antibiotics and toxic compounds 0.2 
Miscellaneous 0.1 
Sulfur metabolism 0.1 
 
 
 
 
 
 
Table 3.2. RAST annotation analysis showing the subsystem distribution for the enriched 
Rummeliibacillus bacteria. 
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Subsytem Category % 
None 64.6 
Protein Metabolism 6.6 
Carbohydrates 3.9 
Amino Acids and Derivatives 2.9 
Membrane Transport 2.7 
Respiration 2.6 
DNA Metabolism 2.4 
Nucleosides and Nucleotides 2.3 
RNA Metabolism 1.7 
Stress Response 1.6 
Cofactors, Vitamins, Prosthetic Groups, Pigments 1.5 
Fatty Acids, Lipids, and Isoprenoids 1.2 
Virulence, Disease and Defense 1.2 
Cell Division and Cell Cycle 1 
Cell Wall and Capsule 1 
Iron acquisition and metabolism 0.5 
Nitrogen Metabolism 0.5 
Phages, Prophages, Transposable elements, Plasmids 0.5 
Phosphorus Metabolism 0.4 
Regulation and Cell signaling 0.2 
Sulfur metabolism 0.2 
Dormancy and Sporulation 0.1 
Miscellaneous 0.1 
Motility and Chemotaxis 0.1 
Potassium metabolism 0.1 
Resistance to antibiotics and toxic compounds 0.1 
 
 
 
 
 
 
Table 3.3. RAST annotation analysis showing the subsystem distribution for the enriched 
Prevotella bacteria. 
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Table 3.4. Carbohydrate-utilizing genes from contigs assigned to the enriched 
Rummeliibacillus bacteria. 
 
Name 
Length 
(aa) 
% ID (% 
Homology) 
Gene 
Contig_81-ORF84 321 37 (53) carbohydrate-binding family 9 
Contig_127-ORF46 360 74 (86) cellulase M and related proteins 
Contig_382-ORF73 538 71 (83) 6-phospho-beta-glucosidase/cellulase 
Contig_382-ORF74 538 70 (84) beta-glucosidase 
Contig_443-ORF40 760 39 (56) glycosyl hydrolase family 9, cellulase 
Contig_443-ORF41 760 39 (55) beta-glucanase/Beta-glucan synthetase 
Contig_443-ORF42 760 37 (53) beta-glucanase/Beta-glucan synthetase 
Contig_443-ORF43 760 38 (57) glycoside hydrolase family 9 
Contig_443-ORF44 760 36 (53) glycoside hydrolase family 9 
Contig_193-ORF1 488 76 (85) glycosyl hydrolase family 1 
Contig_366-ORF48 391 61 (76) glycosyl hydrolase/glycosyl hydrolase family 3 protein 
Contig_254-ORF86 373 67 (82) endoglucanase 
Contig_301-ORF155 508 53 (71) alpha-L-fucosidase 
Contig_57-ORF18 810 66 (83) glycogen phosphorylase 
Contig_92-ORF62 752 70 (83) phosphorylase, glycogen/starch/alpha-glucan family 
Contig_123-ORF41 747 65 (76) glycogen/starch/alpha-glucan phosphorylase 
Contig_371-ORF31 660 74 (84) glycogen branching protein 
Contig_57-ORF75 633 64 (78) glycogen branching protein 
Contig_75-ORF128 575 69 (80) 1 4-alpha-glucan branching enzyme GlgB 
Contig_325-ORF34 505 58 (78) 4-alpha-glucanotransferase 
Contig_57-ORF62 484 88 (94) glycogen synthase 
Contig_75-ORF131 426 61 (77) glycogen/starch synthase, ADP-glucose type 
Contig_75-ORF78 370 65 (77) glycogen biosynthesis protein GlgD 
Contig_46-ORF106 464 63 (75) glycoside hydrolase 
Contig_308-ORF169 574 57 (73) glycosyl hydrolase family 2, sugar binding domain protein 
Contig_388-ORF292 550 65 (74) putative glycoside hydrolase 
Contig_388-ORF293 550 64 (76) glycoside hydrolase 
Contig_366-ORF221 627 60 (73) putative glycoside hydrolase 
Contig_366-ORF224 627 58 (72) putative glycoside hydrolase 
Contig_102-ORF155 516 56 (64) Putative glycoside hydrolase 
Contig_356-ORF50 381 78 (90) glycosyl transferase 
Contig_195-ORF76 389 64 (78) glycosyl transferase family 1/1,2-diacylglycerol 3-glucosyltransferase 
Contig_167-ORF88 525 52 (68) glycosyl hydrolase family 25 
Contig_127-ORF4 837 78 (86) Cellobiose phosphorylase 
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Contig_193-ORF2 488 76 (84) aryl-phospho-beta-D-glucosidase 
Contig_193-ORF3 488 76 (85) aryl-phospho-beta-D-glucosidase 
Contig_186-ORF30 465 65 (82) aryl-phospho-beta-D-glucosidase BglH 
Contig_46-ORF107 464 63 (75) LysM domain protein 
Contig_421-ORF208 380 41 (59) polysaccharide deacetylase 
Contig_366-ORF222 627 60 (73) alpha-amylase 
Contig_366-ORF223 627 62 (74) alpha amylase catalytic domain protein 
Contig_219-ORF41 176 44 (60) glycosidases/alpha-amylase 
Contig_312-ORF87 454 84 (92) alpha-glucosidase/alpha-galactosidase 
Contig_81-ORF83 321 36 (52) glycoside hydrolase family 10 
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Table 3.5. Carbohydrate-utilizing genes from contigs assigned to the enriched 
Prevotella bacteria.  
 
 
Name 
Length 
(aa) % ID (% Homology) Gene 
Contig_15-ORF6 631 73 (82) starch-binding protein/SusD family protein 
Contig_490-ORF13 522 62 (78) starch-binding protein, SusD-like family 
Contig_148-ORF15 584 62 (76) SusD family protein 
Contig_218-ORF10 687 62 (78) RagB/SusD family protein 
Contig_147-ORF18 666 66 (82) starch-binding protein, SusD-like family 
Contig_140-ORF28 662 94 (96) glycan metabolism protein RagB/SusD family protein 
Contig_97-ORF29 650 55 (70) RagB/SusD domain protein 
Contig_496-ORF35 624 58 (72) glycan metabolism protein RagB/RagB/SusD domain 
Contig_88-ORF38 507 66 (78) SusD family 
Contig_345-ORF10 549 72 (84) SusD family protein 
Contig_276-ORF24 552 64 (78) SusD homolog 
Contig_358-ORF1 600 70 (82) SusD family protein 
Contig_98-ORF12 735 73 (83) glycoside hydrolase/cellulase 
Contig_98-ORF13 735 73 (83) alpha-L-fucosidase 
Contig_98-ORF14 735 63 (76) alpha-L-fucosidase 
Contig_480-ORF28 272 57 (74) glycogen synthase 
Contig_48-ORF1 323 57 (69) glycoside hydrolase clan GH-D 
Contig_345-ORF11 564 64 (79) glycoside hydrolase 
Contig_297-ORF19 488 53 (68) glycosyl hydrolase 
Contig_430-ORF16 584 47 (61) glycosyl hydrolase family 18 
Contig_430-ORF17 584 46 (61) glycosyl hydrolase family 18 
Contig_297-ORF18 488 55 (72) hydrolase 
Contig_432-ORF14 290 56 (71) glycosyl hydrolase family 25 
Contig_297-ORF20 488 57 (71) glycosyl hydrolase family 76 
Contig_35-ORF3 683 53 (68) alpha-galactosidase (Melibiase) 
Contig_35-ORF4 683 52 (66) alpha-galactosidase 
Contig_35-ORF5 683 52 (66) alpha-galactosidase (Melibiase) 
Contig_35-ORF6 683 51 (65) alpha-galactosidase 
Contig_232-ORF18 414 64 (76) alpha-rhamnosidase 
Contig_383-ORF1 451 73 (85) beta-galactosidase/beta-glucuronidase 
Contig_88-ORF28 496 64 (75) o-Glycosyl hydrolase 
Contig_398-ORF11 421 51 (69) putative glycoside hydrolase xylanase 
Contig_284-ORF34 436 58 (73) glycosyltransferase/glycoside hydrolase, family 10 
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Table 3.6. Genes involved in the breakdown of protein from the contigs assigned to 
the enriched Rummeliibacillus bacteria. 
 
Name 
Length 
(aa) 
% ID (% 
Homology) 
Gene 
Contig_241-ORF465 465 74 (86)  aminopeptidase  
Contig_351-ORF11 487 67 (84) aminoacyl-histidine dipeptidase 
Contig_443-ORF146 475 38 (57) aminoacyl-histidine dipeptidase 
Contig_497-ORF143 492 52 (69) aminoacyl-histidine dipeptidase 
Contig_7-ORF17 484 45 (60) aminoacyl-histidine dipeptidase 
Contig_30-ORF97 346 53 (70) aminopeptidase 
Contig_251-ORF21 460 60 (76) aminopeptidase 1 
Contig_466-ORF27 440 46 (66) aminopeptidase C 
Contig_466-ORF28 450 57 (75) aminopeptidase C 
Contig_217-ORF19 435 66 (81) aminopeptidase I zinc metalloprotease (M18) 
Contig_355-ORF51 463 71 (82) aminopeptidase I zinc metalloprotease (M18) 
Contig_469-ORF13 440 60 (74) aminopeptidase P domain protein 
Contig_39-ORF369 327 91 (96) beta-aspartyl peptidase 
Contig_366-ORF434 236 63 (79) CAAX amino protease 
Contig_251-ORF74 456 54 (72) dipeptidase 
Contig_92-ORF83 454 69 (82) dipeptidase 
Contig_449-ORF230 484 61 (78) dipeptidase B 
Contig_366-ORF245 344 78 (88) endopeptidase 
Contig_285-ORF74 783 63 (76) endopeptidase O 
Contig_369-ORF14 1507 70 (83) glutamate synthase 
Contig_96-ORF35 612 76 (86) glutamate synthase 
Contig_191-ORF68 802 75 (87) lon protease 
Contig_135-ORF14 437 68 (79) m18 family aminopeptidase 
Contig_40-ORF37 642 100 (100) M23/M37 family Peptidase 
Contig_39-ORF310 358 69 (83) m42 glutamyl aminopeptidase 
Contig_158-ORF55 600 59 (72) metalloendopeptidase 
Contig_110-ORF43 296 100 (100) methionine aminopeptidase 
Contig_263-ORF137 601 63 (79) oligoendopeptidase F 
Contig_461-ORF35 597 71 (84) oligoendopeptidase F 
Contig_105-ORF136 479 40 (60) peptidase 
Contig_451-ORF44 511 51 (69) peptidase 
Contig_443-ORF66 438 63 (77) peptidase C1 
Contig_481-ORF32 459 46 (63) peptidase C1 
Contig_443-ORF46 783 43 (60) peptidase C11 
Contig_259-ORF17 338 54 (68) peptidase C60B family protein 
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Contig_100-ORF31 491 65 (78) peptidase C69 
Contig_326-ORF4 423 74 (86) peptidase M16 
Contig_326-ORF8 417 68 (83) peptidase M16 
Contig_331-ORF49 956 49 (66) peptidase M16 inactive domain protein 
Contig_228-ORF33 387 53 (73) peptidase M20 
Contig_362-ORF31 458 89 (95) peptidase M20 
Contig_228-ORF17 393 49 (68) peptidase M20/M25/M40 family protein 
Contig_241-ORF524 420 51 (71) peptidase M23 
Contig_3-ORF72 502 99 (99) peptidase M23 
Contig_498-ORF29 354 76 (86) peptidase M23 
Contig_46-ORF43 355 51 (69) peptidase M24 
Contig_443-ORF68 413 50 (68) peptidase M29 
Contig_96-ORF135 412 71 (84) peptidase M29 
Contig_127-ORF46 360 75 (83) peptidase M42 
Contig_191-ORF75 357 65 (79) peptidase M50 
Contig_280-ORF19 213 44 (57) peptidase M50 
Contig_241-ORF468 253 69 (80) peptidase S14 
Contig_195-ORF131 574 60 (77) peptidase S8 and S53 subtilisin kexin sedolisin 
Contig_422-ORF48 662 42 (61) peptidase S9 
Contig_422-ORF40 294 57 (72) Peptidase T 
Contig_499-ORF17 406 66 (77) peptidase T 
 Contig_245-ORF119 408 76 (87) peptidase U32 
Contig_366-ORF33 703 69 (79) peptidase U32 
Contig_361-ORF1 542 64 (77) peptidase U62 
Contig_447-ORF11 428 41 (63) peptidase, M16 family 
Contig_451-ORF82 480 44 (64) peptidase, M23 family 
Contig_57-ORF1 515 48 (65) peptidase, M23 family 
Contig_323-ORF18 446 34 (61) peptidase, M23 family, partial 
Contig_50-ORF20 745 53 (70) peptidase, U32 family 
Contig_178-ORF95 360 63 (77) proline dipeptidase 
Contig_178-ORF28 293 66 (81) proline iminopeptidase 
Contig_282-ORF110 406 65 (80) protease 
Contig_379-ORF168 482 74 (85) serine carboxypeptidase 
Contig_259-ORF51 501 61 (73) serine protease 
Contig_421-ORF210 437 53 (67) serine protease 
Contig_199-ORF137 470 40 (58) serine-type D-Ala-D-Ala carboxypeptidase 
Contig_26-ORF18 450 48 (65) serine-type D-Ala-D-Ala carboxypeptidase 
Contig_371-ORF72 417 52 (68) xaa-pro aminopeptidase 
Contig_435-ORF113 1082 49 (65) Zinc carboxypeptidase 
Contig_479-ORF12 962 41 (59) zinc-dependent peptidase 
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Contig_210-ORF67 459 46 (63) Zn-dependent protease 
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Table 3.7. Genes involved in the breakdown of protein from the contigs assigned to 
the enriched Prevotella bacteria. 
 
Name Length (aa) % ID (% Homology) Gene 
Contig_383-ORF40 527 70 (86)  c-terminal processing peptidase-3 
Contig_432-ORF24 395 72 (83) aminopeptidase C 
Contig_485-ORF59 1495 78 (88) glutamate synthase large subunit 
Contig_60-ORF33 802 82 (92) lon protease 
Contig_427-ORF31 316 59 (76) metalloendopeptidase-like membrane protein 
Contig_196-ORF36 434 82 (92) peptidase 
Contig_266-ORF23 644 56 (72) peptidase 
Contig_20-ORF5 401 31 (48) peptidase C10 family protein 
Contig_56-ORF11 437 77 (91) peptidase M16 
Contig_244-ORF35 848 68 (83) peptidase M16 inactive domain protein 
Contig_372-ORF33 368 59 (75) peptidase M28 
Contig_196-ORF28 706 73 (85) peptidase S10  
Contig_213-ORF67 1089 71 (85) peptidase S41 
Contig_287-ORF6 544 81 (89) peptidase S41 
Contig_296-ORF41 632 60 (72) peptidase U32 family protein 
Contig_287-ORF16 693 82 (91) peptidyl-dipeptidase Dcp 
Contig_111-ORF58 480 80 (89) putative aminopeptidase 
Contig_398-ORF4 349 72 (83) rhomboid family intramembrane serine protease 
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Chapter 4 
FUTURE DIRECTIONS AND IMPACT OF RESEARCH 
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Introduction  
Since the original work done by Robert Hungate in the 1960’s, the field of 
ruminant microbiology has been a growing field of interest for microbial ecologists. In 
particular, cellulose metabolism in ruminants is respected by researchers around the 
world for its unique nature and practical applications. The ability of rumen 
microorganisms to convert cellulose into more utilizable energy compounds has obvious 
implications and continues to grab the attention of researchers in many areas of science. 
In the broad field of animal science, research focusing on improving cellulose 
digestibility in ruminant species aims to increase overall animal performance (Fox et al., 
1995). While traditional practices have primarily relied on colony isolation to study these 
organisms, recent breakthroughs in DNA sequencing has led to new approaches in 
studying complex microbial communities, and has strengthened our understanding of the 
complexity of the rumen ecosystem. However, even with the advances in technologies 
used to investigate the rumen microbiome, much remains unknown in regards to ruminal 
cellulose metabolism. The experiments outlined in this thesis aimed at furthering our 
understanding of bacterial cellulose metabolism in the rumen.  
Experimental Findings and Future Directions 
 In the first set of experiments discussed in this thesis, five species-level OTUs 
were enriched in bovine rumen fluid cultures supplemented with cellulose. Interestingly, 
one of these OTUs corresponded to a known cellulolytic species, Ruminococcus 
flavefaciens. Enriching for an organism proven to degrade cellulose provides justification 
for the validity of the approach used in this experiment, and supports that the other novel 
OTUs enriched are also involved in cellulose catabolism. However, it is quite possible 
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that some, or all of these organisms, are degrading products generated from downstream 
cellulose metabolism, and/or possess the genetic and metabolic capability to store glucose 
for utilization once all the available substrate is exhausted.  
Since function typically cannot be determined through 16S rRNA gene diversity 
studies, further investigation of the enriched uncharacterized organisms’ genome will be 
needed in order to confirm that these organisms are metabolizing cellulose and what 
mechanisms they possess for carbohydrate storage. An advantageous direction that could 
be taken would be to conduct a metagenomic or metatranscriptomic analysis of the 
enriched samples. On the one hand, a metatranscriptomic analysis would be indicative of 
metabolically active genes within the microbial community, the difficulty in isolating 
mRNA can be difficult in prokaryotes, and a “snapshot” of gene expression may not be 
representative of the overall metabolic activity occurring in rumen fluid cultures. Also, 
transcriptome reference databases are currently limited in their coverage (Aguiar-Pulido 
et al., 2016). On the other hand, a metagenomic analysis allows researchers to study the 
genetic capability of the organisms within an environmental sample. However, analyzing 
sequenced reads derived from metagenomic samples tends to be more difficult in 
complex environments, such as the rumen, where the high diversity of organisms poses a 
challenge in reaching a sequence coverage sufficient for the assembly of contigs long 
enough to represent the genomes of the organisms present in the sample. For this reason, 
assembly is easier for organisms that are highly represented in a particular sample. Since 
the organisms identified in the first study were found in much higher abundance, contig 
representation for these organisms becomes drastically higher. By generating a higher 
number of long contigs corresponding to the respective genomes of the enriched OTUs, 
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we can determine their metabolic potential, i.e. confirm their ability to metabolize 
specific substrates (e.g. cellulose) and uncover other biochemical activities.  
A number of genes associated with polysaccharide metabolism were identified 
from both organisms, including genes corresponding to glycogen synthesis for storage. 
Thus, two species-level OTUs found to be enriched in the same culture in the presence of 
cellulose were further characterized using metagenomics in the second set of experiments 
discussed in this thesis. While fewer genes involved in glycogen storage were identified 
for the Prevotella-related OTU, all the necessary genes needed to metabolize cellulose 
into glucose, and glucose into glycogen were found in the Rummeliibacillus-related 
organism. Having the capability to metabolize cellulose and store the resulting freed 
glucose in the form of glycogen could give this organism a distinct advantage in 
environments both rich in cellulose and recently exhausted of cellulose or downstream 
cellulose catabolism byproducts. Also found for both organisms were genes involved in 
protein degradation and amino acid transport, suggesting that these organisms obtain their 
amino acids for protein synthesis from exogenous proteins and peptides. While the 
primary focus of our results from the metagenomic analysis was carbohydrate and 
protein-related genes, a wealth of other genes were identified in the enriched organisms. 
Further investigation of all the annotated genes found for each organism may provide 
further insight on what substrates may be needed in order to isolate these organisms in 
culture.  
Perhaps the most intriguing part about this research was having the opportunity to 
continually expand on experimental findings. If given more time and money to work on 
this project, I would continue to supplement rumen fluid cultures with cellulose, hoping 
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to eventually see select OTUs repeatedly enriched. For each enrichment, I would conduct 
a metagenomics analysis to determine which genes may be responsible for the organism’s 
ability to thrive under the given nutrient conditions. One aspect I would experiment with 
would be to dedicate three bioreactors in which cellulose is added to the rumen fluid 
culture only at the beginning of the trial, similar to what was done in the enrichment 
experiment outlined in this thesis, and to dedicate three other bioreactors in which 
cellulose is added at regular intervals throughout the trial duration. I would compare the 
community 16S rRNA gene profiles between the two different treatment groups and the 
controls, and determine whether or not a difference in enrichment was observed. If a 
difference in enrichment was observed, I would conduct metagenomics on both treatment 
groups to try and identify genetic and metabolic differences between the enriched 
organisms. Since we would be unable to identify which genes are metabolically active, I 
would also employ a metatransciptomics analysis for both treatment samples during peak 
enrichment to determine differences in gene expression. Additionally, I would try 
transferring a small volume of sample from the treatment cultures after several days of 
incubation to new bioreactors that contains autoclaved rumen fluid and supplemented 
cellulose. The goal of this would be to try and achieve increased enrichment. With greater 
enrichment, we are more likely to assemble larger contigs in a metagenomics analysis, 
revealing more genetic information for the enriched organism(s).  
Identifying novel cellulose metabolizing bacteria was the focal point of this 
project, however, I am also interested in bacteria able to metabolize downstream by-
products of cellulose degradation. Ruminal fluid cultures would initially be supplemented 
with by-products such as cellodextrin and cellobiose, and enrichment could be compared 
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to cultures containing the same rumen fluid, except supplemented with cellulose. 
Differences in enrichment could be used to suggest metabolic capabilities for the 
enriched OTUs. 
Future directions for this experiment could also include cultivation-based work. 
Using autoclaved rumen fluid from an enriched sample supplemented with cellulose, a 
synthetic agar-based medium could be synthesized. Under anaerobic conditions, plates 
would be streaked with the sample containing the enriched organism from the rumen 
fluid used to make the media. Ideally, colonies of the enriched organism(s) would grow 
and could be isolated for pure culture DNA extraction.   
Impact of Research 
The majority of research within the field of ruminant microbiology studies rumen 
microorganisms as a community, whether it is analyzing microbial diversity using 
phylogenetic markers, metagenomics searching for carbohydrate-active genes or other 
broad categories of genes, or metatranscriptomics looking at metabolically active genes 
within a community (Brulc et al., 2009; Piao et al., 2014; Dai et al., 2015; Huws et al., 
2016; Jose et al., 2017). Few studies focus on individual populations of microorganisms, 
with the exception of rumen bacteria that have already been well-characterized (Wang et 
al., 2013; Oss et al., 2016). While it is necessary to analyze rumen microbial community 
responses to specific treatments, more emphasis needs to be made on identifying 
functionality in individual populations of microbes in order to gain further insight on the 
organisms responsible for specific substrate degradation. The research outlined in this 
thesis thus aimed at identifying uncharacterized populations of bacteria involved in 
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cellulose metabolism, and served as a stride forward towards further characterizing the 
rumen microbiome.  
 The onset of next-generation sequencing has revealed the very high diversity of 
the rumen microbiome, with only a fraction having been cultured as isolates. Proposed 
explanations regarding the difficulty in culturing most anaerobic organisms include the 
lack of understanding of optimal physiochemical and environmental conditions for 
individual organisms, and symbiotic relationships essential to survival (Puspita et al., 
2012). A number of cellulolytic bacteria have been identified using cultivation-based 
methods, including Fibrobacter succinogenes, R. flavefaciens, R. albus, and P. 
ruminicola. However, metagenomics studies have revealed an abundance of cellulose-
degrading genes that do not belong to the genome of these previously identified 
cellulolytic organisms, indicating that a large number of organisms involved in its 
metabolism remain unidentified (Hess et al., 2011; Wang et al., 2013; Jose et al., 2017). 
Due to our lack of knowledge on how to cultivate the majority of rumen microorganisms, 
alternative approaches should be used to single out select populations for an in-depth 
analysis of complex communities such as the rumen ecosystem.  
As was shown in this thesis, nutritional selection can be successfully used to 
enrich for bacteria based on their genetic and metabolic potential. While its use does not 
allow isolation of pure bacterial species, enriching for few select species allows us to 
effectively use metagenomics to analyze the partial genomes of uncharacterized bacteria. 
As mentioned earlier in this chapter, identifying the genetic potential of these organisms 
may give greater insight into what may be needed to isolate these novel species. The 
concept used in this experiment contributes an alternative approach towards assigning 
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functionality to uncharacterized species of bacteria in the rumen, and is not limited to 
carbohydrate-type substrates. It can be used for a variety of other substrates that may be 
fed to ruminants, and could give insight into other functionally different bacterial 
populations. This research, as it stands, may have only introduced a few candidate 
cellulose-utilizing bacteria amongst a great number that remain to be identified, but a 
continuation of this research could lead to the identification of previously uncharacterized 
mechanisms involved in cellulose metabolism, thus leading to novel strategies that 
enhance the degradation of cellulose in the rumen, and ultimately resulting in the 
development of higher feed efficiency strategies.  
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